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V- ATPase V0a1 promotes Weibel–Palade 
body biogenesis through the regulation 
of membrane fission
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Center, Osaka, Japan

Abstract Membrane fission, the division of a membrane- bound structure into two discrete 
compartments, is essential for diverse cellular events, such as endocytosis and vesicle/granule 
biogenesis; however, the process remains unclear. The hemostatic protein von Willebrand factor is 
produced in vascular endothelial cells and packaged into specialized secretory granules, Weibel–
Palade bodies (WPBs) at the trans- Golgi network (TGN). Here, we reported that V0a1, a V- ATPase 
component, is required for the membrane fission of WPBs. We identified two V0a isoforms in distinct 
populations of WPBs in cultured endothelial cells, V0a1 and V0a2, on mature and nascent WPBs, 
respectively. Although WPB buds were formed, WPBs could not separate from the TGN in the 
absence of V0a1. Screening using dominant–negative forms of known membrane fission regulators 
revealed protein kinase D (PKD) as an essential factor in biogenesis of WPBs. Further, we showed 
that the induction of wild- type PKDs in V0a1- depleted cells does not support the segregation of 
WPBs from the TGN; suggesting a primary role of V0a1 in the membrane fission of WPBs. The iden-
tification of V0a1 as a new membrane fission regulator should facilitate the understanding of molec-
ular events that enable membrane fission.

Editor's evaluation
This study is of particular interest to endothelial cell biologists and cell biologists working on intra-
cellular transport. The experiments provide new insights into the contribution of a proton pump 
and protein kinase D in the formation of Weibel- Palade bodies that contain von Willebrand factor in 
vascular endothelial cells.

Introduction
Approximately one- third of newly synthesized proteins, including secretory proteins, transition from 
the endoplasmic reticulum to the Golgi apparatus, thereby allowing versatile protein modifications, 
such as disulfide bond formation (Chen et  al., 2005; Farquhar and Palade, 1981; Klumperman, 
2011). Subsequently, the proteins reach the membrane compartment, called the trans- Golgi network 
(TGN) (Klumperman, 2011). At the TGN, the proteins are sorted and packaged as cargos into 
distinct transport carriers that are targeted to individual subcellular destinations, such as the plasma 
membrane, endosomes, and/or secretory granules in specialized cells (De Matteis and Luini, 2008; 
Kienzle and von Blume, 2014; Pakdel and von Blume, 2018; Anitei and Hoflack, 2011). Biogenesis 
of such membrane- bound structures is initiated by the deformation of the TGN membrane, which 
functions as a donor membrane, to form a bud where cargo proteins are packaged. The formation 
of nascent buds is sometimes associated with the recruitment of the coat proteins, clathrin, and coat 
protein I (Kümmel and Reinisch, 2011; Antonny, 2006). Lastly, the buds separate from the TGN 
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membrane for transport. The process of division of one membrane into two is termed membrane 
fission, which is expected to occur in leak- free luminal contents (Campelo and Malhotra, 2012; 
Renard et al., 2018). To achieve such a high- fidelity system, cells must employ elaborate machinery; 
however, the mechanism of membrane fission remains elusive. One plausible reason is the difficulty in 
segregating the membrane fission process from the other steps of biogenesis in cells due to the small 
membrane- bound structures, such as secretory vesicles that are 50–100 nm in diameter, formed at the 
TGN (Campelo and Malhotra, 2012; Renard et al., 2018).

The von Willebrand factor (VWF) is an extra- large multimeric glycoprotein involved in primary 
hemostasis by adhering platelets to the sites of vascular injury (Sadler, 2005; Sadler, 1998; Wagner, 
1990). The multimers found in plasma vary in size; the largest multimer has a molecular mass of 20 
MDa (Fowler et al., 1985; Zheng, 2015). Larger multimers recruit platelets more efficiently; thus, 
the multimerization of VWF is crucial for hemostasis (Federici et al., 1989). VWF is synthesized in 
vascular endothelial cells as a single polypeptide with a molecular mass of 350  kDa in the endo-
plasmic reticulum and immediately forms a disulfide bond- dependent dimer. The dimers are then 
transported through the Golgi apparatus, where they convert dimers to multimers via disulfide bond 
formation. The multimers are stored in large secretory granules called Weibel–Palade bodies (WPBs) 
(McCormack et al., 2017; Metcalf et al., 2008; Mourik and Eikenboom, 2017; Valentijn et al., 
2011; Weibel, 2012). WPBs are endothelial cell- specific, elongated, rod- shaped secretory organelles 
varying in size from 0.5 to 5 μm. VWF multimers in WPBs are exocytosed in response to several stim-
ulants, such as histamine. In electron tomography, VWF multimers in the WPB lumen are found as 
striated, paracrystalline matrices called VWF tubules (Berriman et al., 2009; Valentijn et al., 2008; 
Zenner et al., 2007). As VWF tubules are aligned in parallel along the longitudinal axes of WPBs, it is 
thought that the formation of VWF tubules drives the formation of the unique, elongated shape of the 
organelles. In vitro reconstitution studies suggest that VWF tubule formation is a highly coordinated 
process of the alignment of multiple VWF dimers into a right- handed coil and the conversion of the 
aligned dimers into large multimers (McCormack et al., 2017; Huang et al., 2008; Mayadas and 
Wagner, 1989; Zhou et al., 2011). This tubulation allows approximately 50- fold compaction of the 
VWF in WPBs. The tubulation process requires acidic pH and Ca2+ in vitro (Huang et al., 2008; Zhou 
et al., 2011; Gerke, 2011; Springer, 2011) thus, VWF is expected to be exposed in such a subcel-
lular environment during maturation, presumably at the TGN and/or in the newly forming WPB buds 
from the TGN (Gerke, 2011; Springer, 2011; Wagner et al., 1986). The biological significance of the 
acidic milieu in mature WPBs is also evident. Forced neutralization of the WPB lumen by a chemical 
treatment causes a loss of visible VWF tubules, resulting in rounding of WPBs (Michaux et al., 2006). 
Neutralization does not reduce agonist- evoked VWF exocytosis; instead, it markedly reduces platelet 
recruitment because the multimers are unable to disperse efficiently upon exposure to an extracellular 
neutral environment. Thus, this evidence indicates the biological importance of the subcellular acidic 
milieu in primary hemostasis mediated by VWF; nevertheless, the mechanism by which endothelial 
cells achieve such an environment has not yet been addressed.

Vacuolar H+- ATPase (V- ATPase), an ATP- driven proton pump, is a major regulator of the subcel-
lular acidic pH in cells (Collins and Forgac, 2020; Maxson and Grinstein, 2014; Nakanishi- Matsui 
et al., 2010; Vasanthakumar and Rubinstein, 2020). It is a multi- subunit complex composed of two 
large domains, V0 and V1. V0 is a membrane- embedded domain that translocates protons across 
the membrane, whereas the V1 domain hydrolyzes ATP. In mammalian cells, several subunits exist in 
multiple isoforms encoded by distinct genes, suggesting a large structural diversity of the V- ATPase 
complex in cells. This study focused on identifying the localization of V0a isoforms (‘subunit a’ in the 
V0 domain) in WPBs. We further analyzed the separation of newly forming WPB buds from the TGN, 
and investigated the role of V0a1 in PKD- dependent biogenesis of WPBs.

Results
Human umbilical vein endothelial cell culture
Although VWF is the most commonly used vascular endothelial cell marker in vivo (Wagner, 1990), 
not all cultured endothelial cells express VWF, particularly when cells are maintained in rather sparse 
conditions. To use cultured endothelial cells in physiologically relevant conditions, we optimized our 
culture and gene transfer conditions. Primary cultured human umbilical vein endothelial cells (HUVECs) 
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form a stable monolayer with a characteristic cobblestone- like appearance when cells are maintained 
on fibronectin for 5–6 days. Under these conditions, essentially all cells expressed VWF at a compa-
rable level, and the cellular junction proteins were located along the cell boundary, as expected in 
differentiated endothelial cells (Figure 1—figure supplement 1A). Although our tested lipofection- 
and electroporation- based transfection considerably disturbed the cellular junction, recombinant 
lentivirus- mediated expression of EGFP showed virtually no effect (Figure  1—figure supplement 
1B). Therefore, we used a recombinant lentivirus system throughout this study.

Cellular V-ATPase activity promotes VWF multimer dispersion
The acidic milieu of the WPB lumen is crucial for the hemostatic function of VWF (Huang et  al., 
2008; Zhou et al., 2011; Gerke, 2011; Springer, 2011; Michaux et al., 2006). V- ATPase is a major 
regulator of the subcellular acidic pH in cells (Collins and Forgac, 2020; Maxson and Grinstein, 
2014; Nakanishi- Matsui et al., 2010; Vasanthakumar and Rubinstein, 2020). To address whether 
V- ATPase is a determinant of the acidic milieu of WPBs, we used bafilomycin A1 and concanamycin 
A, which are well- characterized specific V- ATPase inhibitors (Collins and Forgac, 2020). Four hours of 
exposure to the inhibitors caused rounding of WPBs without affecting the secreted amount of VWF 
(Figure 1—figure supplement 2A,B), as previously observed in chemically neutralized cells (Michaux 
et al., 2006), suggesting the possible role of V- ATPase in WPBs. Note that prolonged exposure to 
bafilomycin A1 (16 h) is reported to reduce the basal/constitutive secretion of VWF (Torisu et al., 
2013). Upon exocytosis, VWF tubules in the acidic pH inside WPBs are instantly exposed to the extra-
cellular neutral pH. The rapid change in pH causes the unfurling of VWF tubules, resulting in an effi-
cient dispersion of VWF multimers on the cellular surface (as observed in the histamine- exposed cells 
in Figure 1—figure supplement 2C; Michaux et al., 2006). While pretreatment with the V- ATPase 
inhibitors did not alter the regulated exocytosis induced by histamine (Figure 1—figure supplement 
2D), it impaired the dispersion of VWF multimers, as observed in the cells exposed to NH4Cl, which 
neutralizes subcellular acidic compartments. The strings formed by tangled VWF multimers upon 
histamine exposure of the V- ATPase inhibitor- or NH4Cl- pretreated cells were rather thin and fragile 
compared to the prominent, thick structures observed in the non- pretreated cells (Figure 1—figure 
supplement 2C). These observations suggest the contribution of V- ATPase activity in the acidic milieu 
inside WPBs. Indeed, we confirmed the WPB localization of V0c and V1A, two common subunits of the 
mammalian V- ATPase complex, in HUVECs (Figure 1—figure supplement 3A,B).

The V0a isoforms are found on the distinct populations of WPBs
To gain further insight into the role of V- ATPase, we used confocal microscopy to observe and screen 
the subcellular localization of multiple V- ATPase subunits by expressing them as EGFP- fusion proteins 
in HUVECs. As a result, we found that two out of four isoforms of V0a (‘subunit a’ in the V0 domain) 
were localized in distinct populations of WPBs. As observed in the EGFP- tagged V0a1 (Figure 1—
figure supplement 4A), the endogenous V0a1 (isoform 1 of the V0a subunit) was mainly found in 
WPBs (Figure 1A). The signal was evident on the WPBs observed in the cell periphery, whereas virtu-
ally no signal was observed on the WPBs in the perinucleus (Figure 1A). WPBs are formed at the TGN 
and transported to the cell periphery upon maturation, suggesting V0a1 localization in mature WPBs. 
Rab27a, a small GTPase, is a well- characterized molecule recruited to WPBs during maturation (Bier-
ings et al., 2012; Nightingale et al., 2009; Rojo Pulido et al., 2011). Post- budded WPBs from the 
TGN move along microtubules to the cell periphery, where they are anchored to actin fibers. Rab27a 
is required for anchoring WPBs to actin. We found well- matched colocalization of V0a1 and EGFP- 
Rab27a (Figure 1B). Thus, V0a1 appears to be localized in mature WPBs in HUVECs.

V0a2 showed the opposite localization to V0a1; V0a2- EGFP was localized only on the perinu-
clear WPBs but not on the peripheral WPBs (Figure 2A). Accordingly, endogenous V0a2 protein was 
detected in the buds emerging from the TGN as well as on the TGN (Figure 1—figure supplement 
4B). Super resolution microscopy revealed that V0a2- EGFP is located on the perinuclear WPB buds; 
however, they are not often found in post- budded WPBs (Figure 2B). The signal intensity of VWF 
found in the V0a2- positive WPBs was rather faint compared to the strong signal observed in the post- 
budded WPBs (Figure 2B). Live cell imaging confirmed that V0a2- EGFP was considerably localized 
in the newly forming bud and disappeared as soon as the bud segregated from the Golgi appa-
ratus (Figure 2C and Video 1). The V0a2 buds found around the TGN were completely absent from 
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EGFP- Rab27a, a mature WPB marker (Figure 2D). These observations indicated the limited localiza-
tion of V0a2 in nascent WPBs. Newly forming WPB buds in the TGN are clathrin- coated Zenner et al., 
2007. Depletion of the Golgi- associated clathrin adaptor protein- 1 (AP- 1) results in an almost total loss 
of visible WPBs Lui- Roberts et al., 2005. Thus, clathrin appears to be an essential factor for biogen-
esis of WPBs, presumably required for a very early step, such as the bud- forming process at the TGN. 

Figure 1. V0a1 is localized on peripheral mature Weibel–Palade bodies (WPBs) in human umbilical vein endothelial cells (HUVECs). (A) Endogenous 
V0a1 protein was detected on the peripheral WPBs (closed arrowheads); however, it was not detected on the perinuclear WPBs (open arrowheads). 
(B) V0a1 was well- colocalized with EGFP- Rab27a, a mature WPB marker. Scale bars, 20 μm (wide field) and 5 μm (expanded). Asterisks, nucleus.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Figure supplement 1. Lentivirus- mediated transduction does not show any visible alterations in human umbilical vein endothelial cells (HUVECs).

Figure supplement 2. V- ATPase blockage and acidic compartment neutralization cause rounding of Weibel–Palade bodies (WPBs) and impair the 
efficient dispersion of von Willebrand factor (VWF) multimers.

Figure supplement 2—source data 1. Uncropped immunoblot images for Figure 1—figure supplement 2B and D.

Figure supplement 3. Two common V- ATPase subunits are detected in WPBs in HUVECs.

Figure supplement 4. Two V0a isoforms are localized in distinct populations of Weibel–Palade bodies (WPBs) in human umbilical vein endothelial cells.

Figure supplement 5. Two AP- 1 components, AP1M1- EGFP (A) and AP1G1- EGFP (B), are localized around the perinuclear WPBs (arrowheads).

Figure supplement 6. Subcellular localization of V0a3- EGFP (A) and V0a4- EGFP (B).

https://doi.org/10.7554/eLife.71526
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Figure 2. V0a2 is localized on the perinuclear newly forming Weibel–Palade bodies (WPBs). (A) V0a2- EGFP was found on perinuclear WPBs 
(arrowheads); however, it was not found in the peripheral WPBs. N- terminal EGFP- tagged V0a2 (EGFP- V0a2) exhibited the same subcellular localization. 
Scale bars: 20 μm (wide field) and 5 μm (expanded). (B) Super resolution image around trans- Golgi network (TGN). V0a2- EGFP was observed on buds 
originating from the TGN (closed arrowheads). The von Willebrand factor signal observed in the V0a2 buds was faint compared to the strong signal 

Figure 2 continued on next page
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Corroborating the findings of earlier studies, nascent WPBs found in the perinucleus were partially 
decorated with the components of AP- 1 complex (Figure 1—figure supplement 5A,B); however, this 
was not as evident as observed in V0a2- EGFP (Figure 2A–B). As the two other V0a isoforms did not 
show evident WPB localization as observed in V0a1 and V0a2 (Figure 1—figure supplement 6A,B), 
we concluded that V0a1 and V0a2 are the predominant V0a isoforms located on WPBs in HUVECs.

V0a1 and V0a2 are dispensable for VWF multimerization
As bafilomycin A1 and concanamycin A bind to V0c, a common subunit of the V- ATPase complex 
(Bowman et al., 2006; Huss et al., 2002; Wang et al., 2021), they are expected to block ‘pan’ V- AT-
Pase independent of the variations of subunits/isoforms. To test whether cellular V- ATPase activity is 
required for the maturation of VWF, we examined the effects of V- ATPase inhibitors on VWF multi-
merization. VWF is secreted at a low level, even in the absence of exogenous agonist stimulation. 

The secretion occurs from the WPBs and the TGN 
(referred to as ‘basal’ and ‘constitutive’ secre-
tions, respectively). Although the secretion is at a 
low level, it is thought that the continuous supply 
of VWF multimers via these pathways is crucial 
for the maintenance of plasma VWF levels for the 
immediate hemostatic response (Giblin et  al., 
2008). While V- ATPase blockage did not change 
the amount of basally/constitutively secreted VWF 
(Figure 1—figure supplement 2B), the multimer 
analysis revealed that it caused a selective induc-
tion of dimer secretion (Figure 2—figure supple-
ment 1A), suggesting a requirement for cellular 
V- ATPase activity in multimerization. As the dimer 
secretion is blocked by brefeldin A, an ER- to- Golgi 
transport inhibitor (Figure 2—figure supplement 
1B), it is likely that the dimer secretion caused 
by V- ATPase blockage occurs from the TGN via 
the constitutive secretion pathway. The V- ATPase 
inhibitor exposure also caused a rapid disappear-
ance of the nascent WPB buds (Figure 2—figure 
supplement 1C, compared with Figure  2B). 
The above observations suggested that VWF 
multimerization occurring at the TGN and/or 
in nascent WPB buds require V- ATPase activity. 
Next, we tested whether the V0a isoforms found 
in WPBs contribute to multimerization. Although 
the depletion of either V0a1 or V0a2 caused an 
increase in the secreted amount of VWF multi-
mers, unexpectedly, no detectable alteration 
was observed in the multimer status even when 
both isoforms were depleted (Figure  3—figure 
supplement 1A,B). V- ATPase contributes to the 
formation of intracellular acidic microenvironment 

in the post- budded WPBs (open arrowheads). Scale bar, 5 μm. (C) V0a2- EGFP (green) was localized on the newly forming buds in the Golgi apparatus 
(arrowhead) and disappeared as soon as the bud separates from the Golgi apparatus (mKate2- Giantin, red). Images were captured from the Video 1. 
Scale bar, 5 μm. (D) V0a2 buds were absent in Rab27a, a mature WPB marker. Scale bars: 20 μm (wide field) and 5 μm (expanded). Asterisks, nucleus.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Figure supplement 1. Cellular V- ATPase activity is required for von Willebrand factor (VWF) multimerization.

Figure supplement 1—source data 1. Uncropped immunoblot images for Figure 2—figure supplement 1A and B.

Figure 2 continued

Video 1. V0a2- EGFP is found on bud of newly forming 
Weibel–Palade bodies. V0a2- EGFP (green) disappeared 
as soon as it segregates from the Golgi apparatus (red, 
mKate2- Giantin).

https://elifesciences.org/articles/71526/figures#video1

https://doi.org/10.7554/eLife.71526
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in various cell types (Collins and Forgac, 2020; Maxson and Grinstein, 2014; Nakanishi- Matsui 
et al., 2010; Vasanthakumar and Rubinstein, 2020). We introduced ratiometric pHluorin coupled 
with beta- 1,4- galactosyltransferase 1 (GalT- pHluorin) (Llopis et al., 1998; Cole et al., 1996) to see if 
the V0a isoforms are involved in the luminal pH regulation of the TGN where WPBs are formed. GalT- 
pHluorin is able to measure pH in a range of 5.5–7.5 (Figure 3—figure supplement 2A). Bafilomycin 
A1 and concanamycin A exposure caused almost complete neutralization of the TGN, whereas the 
depletion of each V0a isoform resulted in a modest increase of the pH (Figure 3—figure supplement 
2A). These observations suggest that the luminal acidic environment of the TGN is largely maintained 
by V- ATPase activity in HUVECs, but the contribution of V0a1 and V0a2 is limited or masked by 
functional redundancies. Consistent with the nascent WPB/TGN localization, V0a2 depletion resulted 
in a slight but homogenous increase of the luminal TGN pH (Figure 3—figure supplement 2B). In 
contrast, although no statistical difference was observed when the whole TGN pH was compared 
(Figure 3—figure supplement 2A), V0a1 depletion caused relatively large pH increase only in the 
some TGN subdomains (arrowheads in Figure 3—figure supplement 2B); suggesting an involvement 
of V0a1 in the pH regulation of the TGN, although the main cellular pool is found on peripheral WPBs. 
Taken together, despite the considerable localization on WPBs as well as the partial contribution 
on the acidic microenvironment of the TGN, V0a1 and V0a2 appear to be dispensable for multimer 
formation; however, the roles of these V0a isoforms remain elusive.

The V0a isoforms are required for the biogenesis of WPBs
An increase in basal/constitutive VWF secretion is often observed in cells showing an alteration in 
biogenesis of WPBs (Nightingale et al., 2009; Lui- Roberts et al., 2005). To evaluate the importance 
of the V0a isoforms in the biogenesis of WPBs, we examined WPBs in V0a- depleted cells (Figure 3—
figure supplement 1A). The WPBs were visualized using an anti- VWF antibody. Depletion of V0a2, 
which is found in the nascent WPBs, resulted in the formation of irregular, twisted WPBs compared to 
those found in the control (Figure 3A). To clarify the morphological change of WPBs, we determined 
the longest Feret’s diameter (Fmax) of individual WPBs and the aspect ratio (Fmax/Fmin) calculated from 
the longest and shortest Feret’s diameters. Both values are expected to be smaller if WPBs are twisted 
or in irregular shape compared with relatively straight structure observed in the control. Accordingly, 
Feret’s diameters of WPBs, particularly Fmax/Fmin in the V0a2- depleted cells were obviously smaller 
than those in the control (Figure 3—figure supplement 3). To confirm the shRNA- mediated pheno-
type, we introduced HA- tagged shRNA- resistant V0a2 in shRNA- expressing cells. The phenotype 
was specifically rescued in the resistant V0a2 expressing cells; however, this was not observed in 
the non- transfected cells (Figure 3B). The number of WPBs formed in the V0a2- depleted cells was 
comparable to that in the control (Figure 4B), suggesting that V0a2 is not essential for the separation 
of WPBs from the TGN at the site of biogenesis. WPBs are storage organelles; that is, once formed, 
they remain in cells until they are exocytosed or turned over. Efficient reduction of target proteins 
by shRNAs requires time. Thus, it is likely that immunofluorescence of shRNA- transfected cells using 
anti- VWF antibody detects not only the WPBs that are formed in the absence of the target protein, 
but also the pre- formed WPBs before depletion. To further confirm the significance of V0a2 in biogen-
esis of WPBs, HUVECs were transduced with recombinant lentiviral particles expressing HA- tagged 
VWF after confirmed the depletion of endogenous V0a2 protein (Figure 3—figure supplement 1C). 
VWFD1- A1- HA was found in the irregularly shaped WPBs located away from the TGN (Figure  3C). 
The WPBs were decorated with EGFP- Rab27a (Figure  3D). These observations indicate that the 
membrane- bound structure of WPBs can still be formed and transported to the cell periphery, even in 
the absence of V0a2, although it appears to be important for the formation of properly shaped WPBs.

The phenotype induced by the depletion of V0a1, which is found in the peripheral mature WPBs, is 
more striking. The number of WPBs in the V0a1- depleted cells was substantially decreased compared 
to that in the control, and the formed WPBs were largely accumulated around the TGN (Figure 4A–B). 
Large decrease in Feret’s diameter in the V0a1- depleted cells (Figure  3—figure supplement 3) 
seemed to represent the appearance of rounded WPBs observed in cell periphery (Figure  4A), 
although the WPBs accumulated around the TGN still retain the characteristic elongated shape. As 
the rounded WPBs were not often observed when WPBs were visualized by the introduction of VWFD1- 

A1- EGFP and P- selectin- EGFP in the V0a1- depleted cells (Figure 4D and E), we conclude that they 
are WPBs formed before the V0a1 deletion was achieved. The perinuclear accumulation of WPBs was 

https://doi.org/10.7554/eLife.71526
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Figure 3. Depletion of V0a2 causes the formation of irregular, twisted Weibel–Palade bodies (WPBs). (A) Irregular WPBs were generated in the V0a2- 
depleted cells. WPBs were visualized using immunofluorescence with anti- von Willebrand factor (VWF) antibody. Scale bars, 20 μm (wide field) and 
5 μm (expanded). (B) The irregular WPBs were rescued by the induction of shRNA- resistant V0a2 (V0a2- HA). Scale bar, 20 μm. (C, D) WPBs separated 
from the trans- Golgi network and maturated even in the absence of V0a2. VWFD1- A1- HA (C) and EGFP- Rab27a (D) were introduced in the V0a2- depleted 

Figure 3 continued on next page

https://doi.org/10.7554/eLife.71526
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rescued by the induction of shRNA- resistant V0a1 (Figure 4C). The phenotype was further confirmed 
by the induction of tagged VWFD1- A1 and P- selectin in V0a1- depleted cells (Figure 4D–E). P- selectin is 
a leukocyte- recruiting protein that is packaged into WPBs at the TGN (Harrison- Lavoie et al., 2006; 
Larsen et al., 1989). Both proteins were trapped in the perinuclear buds originating from the TGN 
in the absence of V0a1 (Figure 4D–E). The accumulated WPB buds were not EGFP- Rab27a- positive 
(Figure 4F). Live cell imaging showed that the accumulated WPBs in the V0a1- depleted cells were 
rather static compared to those in the control (Videos 2 and 3). These observations suggest that 
newly forming WPBs cannot be separated from the TGN in the absence of V0a1. Post- budded WPBs 
from the TGN are transported along the microtubule network to the cell periphery, where they are 
tethered to actin fibers (Bierings et al., 2012; Nightingale et al., 2009; Rojo Pulido et al., 2011). 
We believe that disruption of cytoskeletal architecture is unlikely because we were unable to observe 
any apparent alteration of microtubule and actin networks in the V0a1- depleted cells (Figure 4—
figure supplement 1A). Accordingly, the induction of a dominant- negative form of either dynactin 
2 (Rondaij et  al., 2006) or myosin Va (Rojo Pulido et  al., 2011), which disturbs the microtubule 
or actin network- mediating transport of WPBs, did not mimic the phenotype upon V0a1- depletion 
(Figure 4—figure supplement 1B,C).

Protein kinase D, a membrane fission regulator is required for the 
biogenesis of WPBs
At the TGN, newly produced proteins that transition through the Golgi apparatus are sorted and 
packaged into distinct membrane- bound structures (De Matteis and Luini, 2008; Kienzle and von 
Blume, 2014; Pakdel and von Blume, 2018; Anitei and Hoflack, 2011). The formation is initiated by 
the deformation of the TGN membrane to form a bud where the proteins are packaged. The formed 
bud then segregates from the TGN membrane by membrane fission for further transport (Campelo 
and Malhotra, 2012; Renard et al., 2018). In the absence of V0a1, WPBs seemed unable to separate 
from the TGN, although the buds were formed (Figure 4). We postulated that V0a1 is required for 
membrane fission of WPBs at the TGN. Thus, we screened known TGN membrane fission regulators, 
such as dynamins (Ferguson and De Camilli, 2012; Hinshaw, 2000), CtBP1/BARS (Bonazzi et al., 
2005; Pagliuso et al., 2016; Valente et al., 2012; Weigert et al., 1999), and serine/threonine- protein 
kinases PKDs (Bard and Malhotra, 2006; Bossard et  al., 2007; Liljedahl et  al., 2001; Malhotra 
and Campelo, 2011; Van Lint et al., 2002), to determine whether any of these contribute to the 
biogenesis of WPBs. Although the dominant- negative forms of various splicing variants of dynamin 2, 
dynamin 3, and CtBP1/BARS are virtually ineffective in biogenesis of WPBs (Figure 5—figure supple-
ment 1, Figure 5—figure supplement 2), we found that the induction of the kinase- dead mutants of 
the PKD family members (PKD1K612N, PKD2K580N, and PKD3K605N) in HUVECs significantly impaired the 
formation of WPBs (Figure 5A, Figure 5—figure supplement 3A,B,C). The expression of kinase- dead 
PKD mutants leads to the formation of tubules originating from the TGN because of the blockage of 
PKD- mediated membrane fission. In such cells, cargo proteins that should be transported in a PKD- 
dependent manner are trapped in the tubules (Liljedahl et al., 2001). Endogenous VWF protein was 
found in the tubules formed by all three PKD mutants (Figure 5A, Figure 5—figure supplement 

human umbilical vein endothelial cells. Due to limitations in the size for packaging into a lentivirus particle, we used VWFD1- A1 instead of full- length VWF. 
VWFD1- A1 is shown to function in the same manner as full- length VWF in cells (Michaux et al., 2006). Scale bars, 20 μm (wide field) and 5 μm (expanded). 
Asterisks, nucleus.

The online version of this article includes the following source data and figure supplement(s) for figure 3:

Figure supplement 1. Depletion of the V0a isoforms does not alter von Willebrand factor (VWF) multimerization.

Figure supplement 1—source data 1. Uncropped immunoblot images for Figure 3—figure supplement 1A, B and C.

Figure supplement 2. V- ATPase blockage causes almost total neutralization of the luminal TGN pH, while the depletion of the V0a isoforms results in a 
modest pH increase.

Figure supplement 2—source data 1. Graph data for Figure 3—figure supplement 2A.

Figure supplement 3. Frequency distribution of the longest Feret’s diameter (Fmax) and the aspect ratio of the longest and shortest distance (Fmax/Fmin) 
of individual WPBs in the V0a- depleted cells.

Figure supplement 3—source data 1. Graph data for Figure 3—figure supplement 3.

Figure 3 continued

https://doi.org/10.7554/eLife.71526
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Figure 4. Weibel–Palade bodies (WPBs) cannot be separated from the trans- Golgi network in the absence of V0a1. (A) V0a1 depletion caused the 
perinuclear accumulation of WPBs (arrowheads, compared to that in the shControl in Figure 3A). Scale bars, 20 μm (wide field) and 5 μm (expanded). 
(B) The depletion of V0a1 resulted in the significant decrease in the number of WPBs (counts per cell, average± SD). We confirmed that there are 
no obvious difference in cell size between the V0a isoform depleted cells and the control. n = 30 (shControl), n = 29 (shV0a1), and n = 31 (shV0a2). 

Figure 4 continued on next page

https://doi.org/10.7554/eLife.71526
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3A,B), indicating that the membrane fission of WPBs at the TGN requires PKDs. We further investi-
gated whether V0a1 had any effect on the subcellular localization of wild- type PKDs (PKDsWT). EGFP- 
PKD1WT was found mainly in the cytosol and certain parts of the TGN in the control cells, as reported 
earlier (Figure 5B; Bard and Malhotra, 2006; Malhotra and Campelo, 2011; Van Lint et al., 2002). 
EGFP- PKD2WT and EGFP- PKD3WT showed comparable localization to EGFP- PKD1WT (Figure 5—figure 
supplement 3D,E). In contrast, EGFP- PKDsWT substantially accumulated on the WPBs, which were 
retained around the TGN upon V0a1 depletion (Figure 5B–E, Figure 5—figure supplement 3D,E). 
The induction of PKDsWT appears to be not enough to induce the separation of WPBs from the TGN 
in the V0a1- depleted cells. A similar accumulation of endogenous PKD2 protein was observed in the 
V0a1- depleted cells (Figure 5—figure supplement 4). Thus, the above observations indicate that the 
segregation of newly forming WPB buds from the TGN is mediated by PKD- dependent membrane 
fission, and suggest that either V0a1 is required for this process or that V0a1 and PKD coordinate with 
each other in this process.

Diacylglycerol and phosphatidylinositol-4-phosphate are present on 
nascent WPBs
To further elucidate the underlying mechanisms of V0a1- mediated regulation of membrane fission, 
we investigated how PKDs could be recruited to newly forming WPBs. Subcellular localization of 
PKDs is regulated by diacylglycerol (DAG), a membrane lipid (Baron and Malhotra, 2002; Maeda 
et al., 2001). We used the C1 domain from protein kinase Cε (EGFP- PKCε-C1) as a high- affinity DAG 
reporter (Lehel et al., 1995; Stahelin et al., 2005). A large DAG pool was detected on the TGN, 

as expected from an earlier study (Figure  6A; 

Eight independent fields were collected from each imaging sample. The images were analyzed using Fiji. *p < 0.05 to shControl. (C) The phenotype 
mediated by V0a1 depletion was rescued by the induction of a shRNA- resistant V0a1 (HA- V0a1). Scale bar, 20 μm. (D, E) WPB contents were trapped 
in the perinuclear WPBs that accumulated in the absence of V0a1. VWFD1- A1- HA (D) and P- selectin- EGFP (E) were transfected in V0a1- depleted cells. 
Both proteins were observed in the accumulated WPBs (arrowheads, compared to that in the shControl in Figure 3C for VWFD1- A1- HA). (F) EGFP- Rab27a 
was absent in perinuclear WPBs that accumulated in V0a1- depleted cells (arrowheads). Scale bars, 20 μm (wide field) and 5 μm (expanded). Asterisks, 
nucleus. Source files of all graph data shown in this figure are available in Figure 4—source data 1.

The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. Graph data for Figure 4B.

Figure supplement 1. Microtubule and actin networks are unaffected by depletion of V0a isoforms.

Figure 4 continued

Video 2. Weibel–Palade bodies (WPBs) in the control 
shRNA introduced cells. WPBs were marked with 
P- selectin- EGFP (green), and the Golgi apparatus 
was identified using mKate2- Giantin (red). shControl, 
Video 2; shV0a1, Video 3.

https://elifesciences.org/articles/71526/figures#video2

Video 3. Accumulated Weibel–Palade bodies (WPBs) 
at the Golgi apparatus in the V0a1- depleted cells are 
static compared to those in the control.

https://elifesciences.org/articles/71526/figures#video3

https://doi.org/10.7554/eLife.71526
https://elifesciences.org/articles/71526/figures#video2
https://elifesciences.org/articles/71526/figures#video3
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Figure 5. Weibel–Palade bodies (WPB) biogenesis requires protein kinase D1 (PKD1). (A) The von Willebrand factor (VWF) was trapped in the tubules 
(arrowheads) formed by the induction of a dominant- negative form of PKD1 (EGFP- PKD1K612N) because of the blockage of PKD1- mediating membrane 
fission at the TGN (arrowheads). (B) EGFP- PKD1WT was accumulated on the perinuclear WPBs that accumulated in the absence of V0a1. The channel 
overlap of EGFP- PKD1WT and VWF are shown as ‘colocalization’ on the right. Scale bars, 5 μm. C–E. The localization of EGFP- PKDs on WPBs was 
significantly increased in the V0a1- depleted cells. The colocalization of VWF and EGFP- PKD1WT (C), EGFP- PKD2WT (Figure 5—figure supplement 
3D), and EGFP- PKD3WT (Figure 5—figure supplement 3E) is shown as Pearson’s correlation coefficient (PCC, average± SD). n = 14 (VWF and EGFP- 
PKD1WT), n = 12 (VWF and EGFP- PKD2WT), and n = 13 (VWF and EGFP- PKD3WT). *p < 0.05 to shControl. Asterisks, nucleus. Source file of the graph data 
shown in C–E is available in Figure 5—source data 1.

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. Graph data for Figure 5C–E.

Figure supplement 1. Induction of dominant- negative forms of dynamins does not alter the biogenesis of Weibel–Palade bodies.

Figure supplement 2. Induction of dominant- negative forms of CtBP1/BARS does not alter the biogenesis of Weibel–Palade bodies.

Figure 5 continued on next page

https://doi.org/10.7554/eLife.71526
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Lehel et al., 1995). The reporter was also found in the perinuclear WPB buds in the control group 
(Figure 6A). The signal was more evident in the accumulated WPB buds formed upon V0a1- depletion 
(Figure 6A). DAG localization on perinuclear WPBs was further confirmed using two additional DAG 
reporters, including the C1a domain from PKD1 (Figure 6B, Figure 6—figure supplement 1A; Baron 
and Malhotra, 2002; Maeda et al., 2001; Tsai et al., 2014). These observations showed that DAG 
was present on the membrane of newly forming WPBs, and PKDs were recruited through the interac-
tion with DAG. We further investigated whether the PKDs on the WPB buds were enzymatically active. 
PI4- KIIIβ, a type III phosphatidylinositol- 4- kinase localized at the TGN, has been identified as a PKD 
substrate (Hausser et al., 2005). Its phosphorylation on the activation loop causes the activation of 
the enzyme, resulting in the conversion of phosphatidylinositol to phosphatidylinositol- 4- phosphate 
(PI4P). We introduced the PH domain from the oxysterol- binding protein (EGFP- PH- OSBP) as a PI4P 
reporter in HUVECs (Balla et al., 2005). As observed in the DAG reporters, the signal was detected 
on the accumulated WPBs in the V0a1- depleted cells and on the perinuclear WPBs in the control to 
a lesser extent (Figure 6C). Two additional PI4P reporters, PH- FAPP1- EGFP (Balla et al., 2005) and 
EGFP- P4M- SidM (Hammond et al., 2014), also showed similar results (Figure 6—figure supplement 
1B,C), indicating a presence of PI4P on perinuclear newly forming WPBs. To see if the PI4P on the 
forming WPBs is provided through the activation of PKDs, we performed western blotting of HUVEC 
lysate by using an anti- phospho- PKD1 antibody that detects the phosphorylation on the activation 
loop (pSer744/748). V0a1- depletion mediated by two independent shRNAs caused an increase of total 
PKD1 protein compared with the control, whereas we were unable to see any detectable changes in 
the level of phosphorylated PKD1 (Figure 6—figure supplement 2). As the substantial amount of 
PKDs were observed on the accumulated WPBs (Figure 5B–E, Figure 5—figure supplement 3D,E), 
an increase of PKD1 protein might be due to a difference in the protein stability dependent on the 
subcellular localization. Alternatively, it may be due to an upregulation of PKD1 expression by a cell 
autonomous compensation or unknown mechanism mediated by the V0a1- depletion. Because of the 
low endogenous expression of PKDs, it is hard to test whether the PKDs observed on the accumulated 
WPBs in the V0a1- depleted cells are active/phosphorylated or not. Therefore, although total amount 
of cellular active PKD1 is unchanged independent from the absence or presence of V0a1, we were 
unable to clarify the requirement of V0a1 on the PKDs activation/phosphorylation.

Discussion
Membrane fusion and fission are fundamental subcellular events essential for life. In contrast to 
membrane fusion, which is mainly driven by SNARE proteins and cofactors (Südhof and Rothman, 
2009), the process of membrane fission is less understood (Campelo and Malhotra, 2012; Renard 
et al., 2018). Our study reveals that the V- ATPase subunit V0a1 promotes the biogenesis of WPBs 
through the regulation of membrane fission (Figure 7). V- ATPase has been suggested to regulate 
membrane fusion by generating electrochemical gradients or as a structural component of the fusion 
machinery (Merz, 2015), whereas any involvement in membrane fission has not been described previ-
ously. Although we were unable to determine whether the requirement of V0a1 is associated with the 
proton pump function because of the pleiotropic effects of V- ATPase in biogenesis or multimeriza-
tion of WPBs, we believe that the identification of V0a1 as a new membrane fission regulator should 
facilitate the elucidation of the molecular events that allow membrane fission. V0a1 is found on the 
peripheral mature WPBs in endothelial cells, whereas V0a2, the other V0a isoform, is only observed 
in nascent WPBs. Consistent with our findings, these V0a isoforms were detected in WPB proteomes 
(Holthenrich et al., 2019; van Breevoort et al., 2012). V0a2 appears to be required for the forma-
tion of proper, elongated shaped WPBs, whereas it is not essential for bud formation or membrane 
fission of WPBs despite the specific localization on newly forming WPBs. Nevertheless, the require-
ment of V0a1, which is mainly found in peripheral WPBs, for membrane fission that occurs at the 
perinuclear TGN is mystifying. V0a1 is also found on small intracellular vesicles in addition to WPBs; 

Figure supplement 3. Biogenesis of Weibel–Palade bodies (WPBs) requires protein kinase D (PKD).

Figure supplement 3—source data 1. Graph data for Figure 5—figure supplement 3C.

Figure supplement 4. Endogenous protein kinase D2 (PKD2) protein accumulates in the trans- Golgi network (TGN) in the absence of V0a1.

Figure 5 continued

https://doi.org/10.7554/eLife.71526
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Figure 6. Diacylglycerol (DAG) and phosphatidylinositol- 4- phosphate (PI4P) are present on newly forming Weibel–Palade bodies (WPBs). (A, B) DAG 
was present on newly forming perinuclear WPBs. Two specific DAG reporters, EGFP- PKCε-C1 (A) and EGFP- PKD1- C1a (B), were introduced into human 
umbilical vein endothelial cells. EGFP- PKCε-C1 (A) is found in the perinuclear WPBs of the control (arrowheads). The signal is more evident in the 
accumulated WPBs in V0a1- depleted cells (arrowheads). EGFP- PKD1- C1a (B) is found in the accumulated WPBs in V0a1- depleted cells (arrowheads). 
Since PKD1- C1a is not a high- affinity DAG reporter as PKCε-C1, it may explain why the signal is not evident in the control. The colocalization of von 

Figure 6 continued on next page

https://doi.org/10.7554/eLife.71526
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perhaps, these are acidic subcellular compartments such as endosomes and lysosomes. Endosomes 
are observed to form close contacts with WPBs in electron tomographic analysis (Berriman et al., 
2009). The endosomal/lysosomal tetraspanin CD63/LAMP3 is delivered to WPBs during maturation 
(Harrison- Lavoie et al., 2006). Thus, it is likely that the small vesicle- mediated transfer of V0a1 could 
drive the membrane fission of nascent WPBs. Relatively large pH increase was observed in some TGN 
subdomains in the V0a1- depleted cells (Figure 3—figure supplement 2B) possibly suggests that the 
biogenesis of WPBs occurs at particular subdomains of the TGN. Further work is required to elucidate 
the role of V0a1 in membrane fission.

We also found that DAG is present on the membrane of newly forming WPBs; however, it was 
not found in the post- budded WPBs. DAG accumulation on nascent WPBs became more evident in 
the absence of V0a1. Thus, PKDs appear to be recruited to the WPB through the interaction of the 
DAG- binding domain. Insertion of the N- terminal hydrophobic stretch of PKDs into the outer leaflet 
of the TGN is suggested to assist membrane fission by generating membrane curvature (Campelo 
and Malhotra, 2012; Malhotra and Campelo, 2011). We believe that the hydrophobic stretch- 
mediating mechanism is unlikely in the biogenesis of WPBs because we observed essentially equiva-
lent effects on all PKD members, including PKD3, which lacks the hydrophobic stretch in the structure 
(Campelo and Malhotra, 2012). Instead, our observations suggest functional redundancy of PKDs in 

Willebrand factor (VWF) and EGFP- PKCε-C1 (A) and EGFP- PKD1- C1a (B) is shown as Pearson’s correlation coefficient (PCC, average± SD) on the right. 
n = 19 (VWF and EGFP- PKCε-C1), and n = 14 (VWF and EGFP- PKD1- C1a). *p < 0.05 to shControl. (C) PI4P was present in perinuclear WPBs. EGFP- PH- 
OSBP, a PI4P reporter, was found in few perinuclear WPBs in the control (arrowheads). The signal is more evident in V0a1- depleted cells (arrowheads). 
The colocalization of VWF and EGFP- PH- OSBP is shown as Pearson’s correlation coefficient (PCC, average ± SD) on the right. n = 18 (VWF and EGFP- 
PH- OSBP). *p < 0.05 to shControl. Scale bars, 5 μm. Asterisks, nucleus. Source file of the graph data shown in 6 A–C is available in Figure 6—source 
data 1.

The online version of this article includes the following source data and figure supplement(s) for figure 6:

Source data 1. Graph data for Figure 6A–C.

Figure supplement 1. Diacylglycerol (DAG) and phosphatidylinositol- 4- phosphate (PI4P) are present on newly forming Weibel–Palade bodies (WPBs).

Figure supplement 2. Active/phosphorylated PKD1 is unchanged independent from the absence or presence of V0a1, whereas V0a1- depletion causes 
an increase of total PKD1 protein.

Figure supplement 2—source data 1. Uncropped immunoblot images for Figure 6—figure supplement 2.

Figure 6 continued

Figure 7. The biogenesis of Weibel–Palade bodies (WPBs) requires vacuolar H+- ATPase V0a1 and PKD for the membrane fission. V0a1 on small vesicles 
such as endosomes could drive the membrane fission (see Discussion). In the absence of V0a1, nascent WPBs could not separate from the trans- Golgi 
network (right). PKD activity was also required for the biogenesis of WPBs. Since the induction of wild- type PKDs did not support the segregation of 
WPBs from the TGN in the absence of V0a1, V0a1 appeared to be a primary factor in the membrane fission of WPBs.

https://doi.org/10.7554/eLife.71526
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biogenesis of WPBs. In fact, a single knockdown of either PKD1 or PKD2 does not show any significant 
effect on WPB formation as well as the secretion in earlier reports (Ketteler et al., 2017; Hao et al., 
2009). DAG is a conical- shaped lipid that is thought to be relatively concentrated in the TGN buds to 
increase membrane curvature (Bankaitis et al., 2012). A theoretical model suggests that the presence 
of DAG on buds can stabilize the structure and prevent membrane fission (Shemesh et al., 2003). 
The disappearance of DAG in the post- budded WPBs may suggest a conversion of DAG into other 
lipids that destabilize the membrane structure to enable membrane fission. We also observed PI4P, a 
well- characterized membrane signaling lipid, on perinuclear nascent WPBs similar to DAG. PI4P and 
phosphatidic acid, a lipid generated from DAG through single- step metabolism, are shown to work 
as pH biosensors in cells; the pH- dependent interaction with particular proteins regulates cellular 
processes such as membrane biogenesis and intracellular trafficking (Shin et al., 2020; Young et al., 
2010). TGN pH measurements suggest that V0a1 appears to regulate luminal pH in particular TGN 
subdomains in HUVECs (Figure 3—figure supplement 2B). Thus, the possible contribution of these 
lipids and cellular pH, as well as related lipid metabolism enzymes and lipid transporting proteins in 
WPB biogenesis should be investigated in the future.

In conclusion, we have shown that two V0a isoforms of V- ATPase promote the biogenesis of WPBs in 
endothelial cells. In particular, V0a1 is essential for the membrane fission in nascent WPBs at the TGN. We 
also found that PKD activity is required for WPB biogenesis. As the induction of wild- type PKDs in V0a1- 
depleted cells did not support WPB segregation from the TGN, V0a1 appears to be a primary factor in the 
membrane fission of WPBs, although the molecular link between V0a1 and PKDs is still unclear. Qualitative 
or quantitative deficiency of plasma VWF multimers causes a bleeding disorder called von Willebrand 
disease (Sadler, 2005; Sadler, 1998; Sharma and Haberichter, 2019). A V0a2 mutation has recently been 
reported to cause bleeding diathesis in humans (Karacan et al., 2019). Plasma VWF activity is significantly 
impaired in patients without any substantial loss of plasma VWF antigen level, thus exhibiting a typical sign 
of von Willebrand disease, although no associating mutation was found in the VWF gene. We believe that 
our findings will facilitate further understanding of the pathology associated with VWF, such as von Wille-
brand disease, as well as the mechanism of membrane fission.

Materials and methods

 Continued on next page

Key resources table 

Reagent type (species) 
or resource Designation Source or reference Identifiers Additional information

Gene (Homo sapiens) ATP6V0A1 NA Q93050 (VPP1_HUMAN)
V- type proton ATPase 
116 kDa subunit a1

Gene (Homo sapiens) ATP6V0A2 NA Q9Y487 (VPP2_HUMAN)
V- type proton ATPase 
116 kDa subunit a2

Cell line (Homo sapiens) Lenti- X 293T Cell Line Clontech Cat#632180

Cell line (Homo sapiens) HUVEC Lonza Cat#C2519A

Antibody anti- VE- Cadherin (mouse monoclonal) R&D Systems
Cat#123413
RRID:AB_2260374 (1:1,000)

Antibody anti- ZO- 1 (rabbit monoclonal) CST
Clone:D6L1E
RRID:AB_2798287 (1:50)

Antibody anti- VWF (rabbit polyclonal)
Dako/Agilent 
Technologies

Cat#P0226
RRID:AB_579516 (1:1,000)

Antibody anti- VWF (sheep polyclonal) Abcam
Cat#ab11713
RRID:AB_298501 (1:500)

Antibody anti- V0c (rabbit polyclonal) Thermo- Fisher Scientific
Cat#PA5- 66746
RRID:AB_2662731 (1:25)

Antibody anti- V1A (rabbit polyclonal) Thermo- Fisher Scientific
Cat#PA5- 65137
RRID:AB_2662833 (1:125)

Antibody anti- V0a1 (rabbit polyclonal) Novus Biologicals
Cat#NBP1- 89342
RRID:AB_11015740 (1:200)

https://doi.org/10.7554/eLife.71526
https://identifiers.org/RRID/RRID:AB_2260374
https://identifiers.org/RRID/RRID:AB_2798287
https://identifiers.org/RRID/RRID:AB_579516
https://identifiers.org/RRID/RRID:AB_298501
https://identifiers.org/RRID/RRID:AB_2662731
https://identifiers.org/RRID/RRID:AB_2662833
https://identifiers.org/RRID/RRID:AB_11015740
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Reagent type (species) 
or resource Designation Source or reference Identifiers Additional information

Antibody anti- HA (mouse monoclonal) Covance
Clone:16B12
RRID:AB_10064068 (1:1,000)

Antibody anti- TGN46 (sheep polyclonal) Bio- Rad
Cat#AHP500GT
RRID:AB_2203291 (1:500)

Antibody anti- V0a2 (rabbit polyclonal) Atlas Antibodies
Cat#HPA044279
RRID:AB_10961274 (1:50)

Antibody anti- V0a2 (rabbit polyclonal) My BioSource Cat#MBS8527160 (1:100)

Antibody anti-α-tubulin (mouse monoclonal) CST
Clone:DM1A
RRID:AB_1904178 (1:2,000)

Antibody anti- PKD2 (rabbit monoclonal) Abcam
Clone:EP1495Y
RRID:AB_922233 (1:200)

Antibody anti- PKD2 (rabbit polyclonal) GeneTex
Cat#C1C3
RRID:AB_1951437 (1:200)

Antibody
anti- phospho- PKD/PKCμ(Ser744/448) 
(rabbit polyclonal) CST

Cat#2054
RRID:AB_2172539 (1:1,000)

Antibody anti- PKD/PKCμ (rabbit monoclonal) CST
Clone:D4J1N
RRID:AB_2800149 (1:1,000)

Antibody Alexa 488-, 555-, 647 secondaries Thermo Fisher Scientific (1:400)

Antibody Cy3- secondary Jackson Immunoresearch (1:400)

Recombinant DNA 
reagent pLVSIN- CMV Pur Vector Clontech Cat#6183

Recombinant DNA 
reagent

Mission shRNA plasmid non- targeting 
control Sigma- Aldrich SHC016

Recombinant DNA 
reagent Mission shRNA plasmid against V0a1 Sigma- Aldrich TRCN0000380234

Mainly used throughout 
the study.

Recombinant DNA 
reagent Mission shRNA plasmid against V0a1 Sigma- Aldrich TRCN0000333635

Used in Figure 6—figure 
supplement 2B.

Recombinant DNA 
reagent Mission shRNA plasmid against V0a2 Sigma- Aldrich TRCN0000043494

Chemical compound, drug Bafilomycin A1 Cayman Chemicals Cat#11038 100 nM

Chemical compound, drug iFluor555- conjugated phalloidin Cayman Chemicals Cat#20552 (1:400)

Chemical compound, drug Concanamycin A AdipoGen Life Sciences Cat#BVT- 0237 100 nM

Chemical compound, drug Brefeldin A Thermo Fisher Scientific Cat#B7450 100 ng/ml

Chemical compound, drug Histamine Sigma- Aldrich Cat#H7250 100 μM

Chemical compound, drug TransIT Lenti transfection reagent Clontech Cat#MIR6600

Chemical compound, drug Lentiviral High Titer Packaging Mix Clontech Cat#6194

 Continued

Reagents
Bafilomycin A1 and iFluor555- conjugated phalloidin were purchased from Cayman Chemicals (MI, USA). 
Concanamycin A was purchased from AdipoGen Life Sciences (CA, USA). Brefeldin A was purchased 
from Thermo Fisher Scientific (MA, USA). Histamine was procured from Sigma- Aldrich (MO, USA). 
The following primary antibodies were used: mouse monoclonal anti- VE- Cadherin (#123413, 1:1,000, 
R&D Systems, MN, USA), rabbit monoclonal anti- ZO- 1 (D6L1E, 1:50, CST, MA, USA), rabbit polyclonal 
anti- VWF (P0226, 1:1,000, Dako/Agilent Technologies, CA, USA), sheep polyclonal anti- VWF (ab11713, 
1:500, Abcam, MA, USA), rabbit polyclonal anti- V0c (PA5- 66746, 1:25, Thermo- Fisher Scientific), rabbit 
polyclonal anti- V1A (PA5- 65137, 1:125, Thermo- Fisher Scientific), rabbit polyclonal anti- V0a1 (NBP1- 
89342, 1:200, Novus Biologicals, CO, USA), mouse anti- HA (16B12, 1:1000, Covance, MI, USA), sheep 
anti- TGN46 (AHP500GT, 1:500, Bio- Rad, CA, USA), rabbit polyclonal anti- V0a2 (HPA044279, 1:50, 

https://doi.org/10.7554/eLife.71526
https://identifiers.org/RRID/RRID:AB_10064068
https://identifiers.org/RRID/RRID:AB_2203291
https://identifiers.org/RRID/RRID:AB_10961274
https://identifiers.org/RRID/RRID:AB_1904178
https://identifiers.org/RRID/RRID:AB_922233
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Atlas Antibodies, Bromma, Sweden), rabbit polyclonal anti- V0a2 (MBS8527160, 1:100, My BioSource, 
CA, USA), mouse monoclonal anti-α-tubulin (DM1A, 1:2000, CST), rabbit monoclonal anti- PKD2 
(EP1495Y, 1:200, Abcam), rabbit polyclonal anti- PKD2 (C1C3, 1:200, GeneTex, CA, USA), rabbit poly-
clonal anti- phospho- PKD/PKCμ(Ser744/448) (#2054, 1:1000, CST), and rabbit monoclonal anti- PKD/
PKCμ (D4J1N, 1:1,000, CST). The secondary antibodies used were Alexa 488, Alexa 555, and Alexa 
647 (1:400, Thermo Fisher Scientific), and Cy3 (1:400, Jackson Immunoresearch, PA, USA).

cDNA and plasmids
The cDNA used in this study were amplified from HUVEC cDNA, unless otherwise stated. AP1M1 and 
AP1G1 were provided by RIKEN BRC through the National Bio- Resource Project of MEXT, Japan. 
P4M- SidM was obtained from Dr. Tamas Balla (National Institute of Health, USA). For the expres-
sion of tagged proteins, we introduced EGFP, mKate2, or HA cDNA into the multiple cloning site 
of pLVSIN lentiviral vector (Clontech, CA, USA), such that the inserted protein was tagged at either 
the N- or C- terminus with a flexible linker (GGGGS ×2). The pLVSIN constructs used in this study 
were as follows: pLVSIN- EGFP, pLVSIN- N- EGFP- V0a1, pLVSIN- V0a1- C- EGFP, pLVSIN- N- HA- V0a1, 
pLVSIN- N- EGFP- V0a2, pLVSIN- V0a2- C- EGFP, pLVSIN- V0a2shRNAresist- C- 3× HA pLVSIN- N- EGFP- V0a3, 
pLVSIN- V0a3- C- EGFP, pLVSIN- N- EGFP- V0a4, pLVSIN- V0a4- C- EGFP, pLVSIN- N- EGFP- Rab27a, pLVSIN- 
AP1M1- C- EGFP, pLVSIN- AP1G1- C- EGFP, pLVSIN- VWFD1- A1(Met1- Pro1480)- C- 3× HA, pLVSIN- P- selectin- 
C- EGFP, pLVSIN- GalT(Met1- Gln61)- pHluorin, pLVSIN- Dynamin 3–1 K44A- C- EGFP, pLVSIN- Dynamin 3–2 
K44A- C- EGFP, pLVSIN- Dynamin 2–2 K44A- C- EGFP, pLVSIN- Dynamin 2–3 K44A- C- EGFP, pLVSIN- Dynamin 
2–4 K44A- C- EGFP, pLVSIN- Dynamin 2–5 K44A- C- EGFP, pLVSIN- CtBP1/BARSWT- C- EGFP, pLVSIN- CtBP1/
BARSS147A- C- EGFP, pLVSIN- N- EGFP- PKD1WT, pLVSIN- N- EGFP- PKD1K612N, pLVSIN- N- EGFP- PKD2WT, 
pLVSIN- N- EGFP- PKD2K580N, pLVSIN- N- EGFP- PKD3WT, pLVSIN- N- EGFP- PKD3K605N, pLVSIN- N- EGFP- 
PKCε-C1, pLVSIN- N- EGFP- PKD1- C1a, pLVSIN- PKCγ-C1A- C1A- C- EGFP, pLVSIN- N- EGFP- PH- OSBP, 
pLVSIN- PH- FAPP1- C- EGFP, pLVSIN- N- EGFP- P4M- SidM(Thr546- Lys647), pLVSIN- dynactin 2- C- mKate2, 
pLVSIN- N- mKate2- myosin Va tail, and pLVSIN- N- mKate2- Giantin(Glu3131- Leu3259). Mission shRNA plas-
mids against V0a1 (TRCN0000380234, targeting the 3′-UTR region, and TRCN0000333635, targeting 
the coding region around Tyr620- Met627) and V0a2 (TRCN0000043494, targeting the coding region 
around Phe37 -Val55) and non- targeting control (SHC016) were purchased from Sigma- Aldrich. For 
the construction of HA- tagged shRNA- resistant V0a2, four nucleotides located in the middle of the 
targeting region were substituted with synonymous codons.

Cell culture
Primary HUVECs (C2519A, Lonza, Basel, Switzerland) were cultured at 37 °C in EGM- 2 supplemented 
with 2% fetal bovine serum (Lonza). All plates and coverslips used for HUVECs were freshly coated 
with fibronectin from human plasma (20 μg/mL; Fujifilm Wako, Osaka, Japan). Lenti- X293T cells (Clon-
tech) were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Fujifilm Wako) supplemented 
with 10% EqualFETAL (Atlas Biologicals, CO, USA) and 1 μg/mL penicillin and streptomycin (Fujifilm 
Wako) at 37 °C.

Lentivirus particle preparation
Lenti- X293T cells (Clontech) were plated at a density of 6 × 106 cells in 90 cm2 plates coated with 
soluble type I- C collagen (Kurabo, Osaka, Japan). After overnight culture, the pLVSIN lentiviral vector 
was transfected together with lentivirus packaging mix using TransIT Lenti transfection reagents 
according to the manufacturer’s protocol (Clontech). Conditioned media were collected three times 
for 96 hr as recombinant lentivirus particles. The virus particles were then precipitated with PEG6000, 
resuspended in an appropriate amount of phosphate- buffered saline (PBS)/DMEM, and stored at 
−80 °C until use.

Immunofluorescence and image analysis
HUVECs were seeded at 50,000 cells/well on fibronectin- coated coverslips in 24- well plates. After 
16–18 hr of culture, the cells were transduced with recombinant lentivirus particles overnight. The 
medium was replaced daily. For the expression of tagged proteins on the shRNA background, cells 
were exposed to the virus particles that expressed the tagged protein after 48 hr of shRNA trans-
fection. On day 6, the cells were fixed with 4% paraformaldehyde for 25 min at 37 °C. After rinsing 
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with PBS, cells were quenched with 50 mM NH4Cl/PBS for 5 min, permeabilized, and blocked in PBS 
containing 0.3% Triton X- 100% and 5% normal serum from the respective species for 30 min. The 
cells were incubated with primary antibodies in blocking buffer overnight at 4 °C. Primary antibodies 
were detected using the appropriate fluorescent secondary antibodies. Coverslips were mounted 
using Fluoromount- G (SouthernBiotech, AL, USA) and imaged using LSM880 (Plan Apochromat ×63 
objective, NA 1.4, ZEISS, Oberkochen, Germany), FV3000 (UPSAPO60XO × 60 60 objective, NA 1.35, 
Olympus, Tokyo, Japan), and FV1000 (UPlanSApo ×60 objective, NA 1.35, Olympus) microscopes. For 
the super- resolution analysis (Figure 2B and Figure 2—figure supplement 1C), images were acquired 
with LSM880 with AiryScan (estimated lateral resolution: 180 nm). EGFP was excited with 488 nm line 
from an argon laser and collected with MBS 488/561/633 (acquisition band: 500–540 nm). Cy3 was 
excited with 561 nm line from a DPSS laser and collected with MBS 488/561/633 (acquisition band: 
590–630 nm). AlexaFluor647 was excited with 633 nm line from a HeNe laser and collected with MBS 
488/561/633 (acquisition band: 645–755 nm). The acquired images were processed with Zen Black 
software by performing filtering, deconvolution and pixel reassignment to enhance spatial resolution. 
Images were analyzed using Fiji to count the number and size (Feret’s diameter) of WPBs and co- lo-
calization analysis Colocalization Finder for the generation of channel overlap (Figure 5, Figure 5—
figure supplements 3 and 4); https://imagejdocu.tudor.lu/plugin/analysis/colocalizationfinder/start, 
and EzColocalization for the calculation of Pearson’s correlation coefficient (Figures 5 and 6; https:// 
github.com/DrHanLim/EzColocalization/releases/tag/1.1.4 Sheng, 2020) was performed. For the 
ratiometric pH measurement, GalT- pHluorin was consecutively excited at 405 and 488 nm and the 
emitted fluorescence was acquired through a spectral slit of 510–550 nm. Mean emission intensities 
obtained from the identical ROI were used to calculate 405/488 ratio. pH calibration standard was 
obtained by using monensin- containing calibration buffers adjusted to the indicated pH (Grillo- Hill 
et al., 2014; Ma et al., 2017). The ratiometric images were generated by the image calculator func-
tion on Fiji and the pH calibration data was applied to convert the ratio to pH.

VWF multimer analysis
HUVECs were seeded and transduced using the same protocol used for immunofluorescence assay, 
except for the use of coverslips. On the day of analysis, cells were rinsed twice with endothelial basal 
medium (EBM)–2 without growth supplements or fetal bovine serum. After 2 hr of resting in EBM- 2 
containing 10 mM HEPES pH 7.4, conditioned media was collected for 1 hr to obtain basally/constitu-
tively secreted VWF. The collected media was mixed with sodium dodecyl sulfate (SDS)–polyacrylamide 
gel electrophoresis sample buffer without reducing reagent and then loaded onto a ‘SDS–agarose’ 
gel. After separation, proteins on the gel were capillary blotted onto PVDF membranes and labeled 
with rabbit anti- VWF antibody (Dako/Agilent Technologies), followed by IRDye 800CW- conjugated 
anti- rabbit IgG secondary antibody (LI- COR Biosciences, Lincoln, NE, USA). The signal was visualized 
using the Odyssey CLx Imaging System (LI- COR Biosciences). Normal human plasma (Siemens Health-
ineers, Erlangen, Germany) was used as a VWF multimer control for each gel. Although we attempted 
to perform multimer analysis of the conditioned media collected on day six from shRNA- transfected 
cells, similar to the immunofluorescence (see above), we found that a considerable number of cells 
were detached from plates during 2 hr of rest. We believe that the depletion of the V0a isoform 
disturbs the adherence of HUVECs; thus, we used conditioned media collected from day 5 culture for 
the analysis (Figure 3—figure supplement 1B). We performed CBB staining of cell lysate to confirm 
equal loading of the samples in each experiment.

Acknowledgements
Authors are grateful to Hiroko Shirotani- Ikejima and Taiko Kunieda for their technical assistance.

https://doi.org/10.7554/eLife.71526
https://imagejdocu.tudor.lu/plugin/analysis/colocalizationfinder/start
https://github.com/DrHanLim/EzColocalization/releases/tag/1.1.4
https://github.com/DrHanLim/EzColocalization/releases/tag/1.1.4


 Research article      Cell Biology

Yamazaki et al. eLife 2021;10:e71526. DOI: https://doi.org/10.7554/eLife.71526  20 of 24

Additional information

Funding

Funder Grant reference number Author

Japan Society for the 
Promotion of Science

17K07401 Yasuo Yamazaki

Japan Society for the 
Promotion of Science

17K07358 Koichi Kokame

Ministry of Health, Labour 
and Welfare

JPMH20FC1024 Koichi Kokame

SENSHIN Medical 
Research Foundation

Yasuo Yamazaki

Japan Agency for 
Medical Research and 
Development

JP20ek0210154 Koichi Kokame

The funders had no role in study design, data collection and interpretation, or the 
decision to submit the work for publication.

Author contributions
Yasuo Yamazaki, Conceptualization, Data curation, Funding acquisition, Investigation, Project admin-
istration, Validation, Visualization, Writing - original draft; Yuka Eura, Investigation, Writing - review 
and editing; Koichi Kokame, Data curation, Funding acquisition, Project administration, Validation, 
Writing - review and editing

Author ORCIDs
Yasuo Yamazaki    http://orcid.org/0000-0001-5297-9837
Yuka Eura    http://orcid.org/0000-0001-5784-6339
Koichi Kokame    http://orcid.org/0000-0002-9654-6299

Decision letter and Author response
Decision letter https://doi.org/10.7554/eLife.71526.sa1
Author response https://doi.org/10.7554/eLife.71526.sa2

Additional files
Supplementary files
•  Transparent reporting form 

Data availability
All data generated or analysed during this study are included in the manuscript and supporting file; 
Source Data files have been provided for all blots and graphs shown in the manuscript.

References
Anitei M, Hoflack B. 2011. Exit from the trans- Golgi network: from molecules to mechanisms. Current Opinion in 

Cell Biology 23:443–451. DOI: https://doi.org/10.1016/j.ceb.2011.03.013, PMID: 21550789
Antonny B. 2006. Membrane deformation by protein coats. Current Opinion in Cell Biology 18:386–394. DOI: 

https://doi.org/10.1016/j.ceb.2006.06.003, PMID: 16782321
Balla A, Tuymetova G, Tsiomenko A, Várnai P, Balla T. 2005. A plasma membrane pool of phosphatidylinositol 

4- phosphate is generated by phosphatidylinositol 4- kinase type- III alpha: studies with the PH domains of the 
oxysterol binding protein and FAPP1. Molecular Biology of the Cell 16:1282–1295. DOI: https://doi.org/10. 
1091/mbc.e04-07-0578, PMID: 15635101

Bankaitis VA, Garcia- Mata R, Mousley CJ. 2012. Golgi membrane dynamics and lipid metabolism. Current 
Biology 22:R414–R424. DOI: https://doi.org/10.1016/j.cub.2012.03.004, PMID: 22625862

Bard F, Malhotra V. 2006. The formation of TGN- to- plasma- membrane transport carriers. Annual Review of Cell 
and Developmental Biology 22:439–455. DOI: https://doi.org/10.1146/annurev.cellbio.21.012704.133126, 
PMID: 16824007

https://doi.org/10.7554/eLife.71526
http://orcid.org/0000-0001-5297-9837
http://orcid.org/0000-0001-5784-6339
http://orcid.org/0000-0002-9654-6299
https://doi.org/10.7554/eLife.71526.sa1
https://doi.org/10.7554/eLife.71526.sa2
https://doi.org/10.1016/j.ceb.2011.03.013
http://www.ncbi.nlm.nih.gov/pubmed/21550789
https://doi.org/10.1016/j.ceb.2006.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16782321
https://doi.org/10.1091/mbc.e04-07-0578
https://doi.org/10.1091/mbc.e04-07-0578
http://www.ncbi.nlm.nih.gov/pubmed/15635101
https://doi.org/10.1016/j.cub.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/22625862
https://doi.org/10.1146/annurev.cellbio.21.012704.133126
http://www.ncbi.nlm.nih.gov/pubmed/16824007


 Research article      Cell Biology

Yamazaki et al. eLife 2021;10:e71526. DOI: https://doi.org/10.7554/eLife.71526  21 of 24

Baron CL, Malhotra V. 2002. Role of diacylglycerol in PKD recruitment to the TGN and protein transport to the 
plasma membrane. Science 295:325–328. DOI: https://doi.org/10.1126/science.1066759, PMID: 11729268

Berriman JA, Li S, Hewlett LJ, Wasilewski S, Kiskin FN, Carter T, Hannah MJ, Rosenthal PB. 2009. Structural 
organization of Weibel- Palade bodies revealed by cryo- EM of vitrified endothelial cells. PNAS 106:17407–
17412. DOI: https://doi.org/10.1073/pnas.0902977106, PMID: 19805028

Bierings R, Hellen N, Kiskin N, Knipe L, Fonseca A- V, Patel B, Meli A, Rose M, Hannah MJ, Carter T. 2012. 
The interplay between the Rab27A effectors Slp4- a and MyRIP controls hormone- evoked Weibel- Palade 
body exocytosis. Blood 120:2757–2767. DOI: https://doi.org/10.1182/blood-2012-05-429936, PMID: 
22898601

Bonazzi M, Spanò S, Turacchio G, Cericola C, Valente C, Colanzi A, Kweon HS, Hsu VW, Polishchuck EV, 
Polishchuck RS, Sallese M, Pulvirenti T, Corda D, Luini A. 2005. CtBP3/BARS drives membrane fission in 
dynamin- independent transport pathways. Nature Cell Biology 7:570–580. DOI: https://doi.org/10.1038/ 
ncb1260, PMID: 15880102

Bossard C, Bresson D, Polishchuk RS, Malhotra V. 2007. Dimeric PKD regulates membrane fission to form 
transport carriers at the TGN. The Journal of Cell Biology 179:1123–1131. DOI: https://doi.org/10.1083/jcb. 
200703166, PMID: 18086912

Bowman BJ, McCall ME, Baertsch R, Bowman EJ. 2006. A model for the proteolipid ring and bafilomycin/
concanamycin- binding site in the vacuolar ATPase of Neurospora crassa. The Journal of Biological Chemistry 
281:31885–31893. DOI: https://doi.org/10.1074/jbc.M605532200, PMID: 16912037

Campelo F, Malhotra V. 2012. Membrane fission: the biogenesis of transport carriers. Annual Review of 
Biochemistry 81:407–427. DOI: https://doi.org/10.1146/annurev-biochem-051710-094912, PMID: 22463692

Chen Y, Zhang Y, Yin Y, Gao G, Li S, Jiang Y, Gu X, Luo J. 2005. SPD--a web- based secreted protein database. 
Nucleic Acids Research 33:D169–D173. DOI: https://doi.org/10.1093/nar/gki093, PMID: 15608170

Cole NB, Smith CL, Sciaky N, Terasaki M, Edidin M, Lippincott- Schwartz J. 1996. Diffusional mobility of Golgi 
proteins in membranes of living cells. Science 273:797–801. DOI: https://doi.org/10.1126/science.273.5276. 
797, PMID: 8670420

Collins MP, Forgac M. 2020. Regulation and function of V- ATPases in physiology and disease. Biochimica et 
Biophysica Acta. Biomembranes 1862:183341. DOI: https://doi.org/10.1016/j.bbamem.2020.183341, PMID: 
32422136

De Matteis MA, Luini A. 2008. Exiting the Golgi complex. Nature Reviews. Molecular Cell Biology 9:273–284. 
DOI: https://doi.org/10.1038/nrm2378, PMID: 18354421

Farquhar MG, Palade GE. 1981. The Golgi apparatus (complex)- (1954- 1981)- from artifact to center stage. The 
Journal of Cell Biology 91:77s–103s. DOI: https://doi.org/10.1083/jcb.91.3.77s, PMID: 7033246

Federici AB, Bader R, Pagani S, Colibretti ML, De Marco L, Mannucci PM. 1989. Binding of von Willebrand factor 
to glycoproteins Ib and IIb/IIIa complex: affinity is related to multimeric size. British Journal of Haematology 
73:93–99. DOI: https://doi.org/10.1111/j.1365-2141.1989.tb00226.x, PMID: 2803984

Ferguson SM, De Camilli P. 2012. Dynamin, a membrane- remodelling GTPase. Nature Reviews. Molecular Cell 
Biology 13:75–88. DOI: https://doi.org/10.1038/nrm3266, PMID: 22233676

Fowler WE, Fretto LJ, Hamilton KK, Erickson HP, McKee PA. 1985. Substructure of human von Willebrand factor. 
The Journal of Clinical Investigation 76:1491–1500. DOI: https://doi.org/10.1172/JCI112129, PMID: 2932468

Gerke V. 2011. von Willebrand factor folds into a bouquet. The EMBO Journal 30:3880–3881. DOI: https://doi. 
org/10.1038/emboj.2011.321, PMID: 21975375

Giblin JP, Hewlett LJ, Hannah MJ. 2008. Basal secretion of von Willebrand factor from human endothelial cells. 
Blood 112:957–964. DOI: https://doi.org/10.1182/blood-2007-12-130740, PMID: 18344423

Grillo- Hill BK, Webb BA, Barber DL. 2014. Ratiometric imaging of pH probes. Methods in Cell Biology 123:429–
448. DOI: https://doi.org/10.1016/B978-0-12-420138-5.00023-9, PMID: 24974041

Hammond GRV, Machner MP, Balla T. 2014. A novel probe for phosphatidylinositol 4- phosphate reveals multiple 
pools beyond the Golgi. The Journal of Cell Biology 205:113–126. DOI: https://doi.org/10.1083/jcb. 
201312072, PMID: 24711504

Hao Q, Wang L, Tang H. 2009. Vascular endothelial growth factor induces protein kinase D- dependent 
production of proinflammatory cytokines in endothelial cells. American Journal of Physiology- Cell Physiology 
296:C821–C827. DOI: https://doi.org/10.1152/ajpcell.00504.2008, PMID: 19176759

Harrison- Lavoie KJ, Michaux G, Hewlett L, Kaur J, Hannah MJ, Lui- Roberts WWY, Norman KE, Cutler DF. 2006. 
P- selectin and CD63 use different mechanisms for delivery to Weibel- Palade bodies. Traffic 7:647–662. DOI: 
https://doi.org/10.1111/j.1600-0854.2006.00415.x, PMID: 16683915

Hausser A, Storz P, Märtens S, Link G, Toker A, Pfizenmaier K. 2005. Protein kinase D regulates vesicular 
transport by phosphorylating and activating phosphatidylinositol- 4 kinase IIIbeta at the Golgi complex. Nature 
Cell Biology 7:880–886. DOI: https://doi.org/10.1038/ncb1289, PMID: 16100512

Hinshaw JE. 2000. Dynamin and its role in membrane fission. Annual Review of Cell and Developmental Biology 
16:483–519. DOI: https://doi.org/10.1146/annurev.cellbio.16.1.483, PMID: 11031245

Holthenrich A, Drexler HCA, Chehab T, Naß J, Gerke V. 2019. Proximity proteomics of endothelial Weibel- 
Palade bodies identifies novel regulator of von Willebrand factor secretion. Blood 134:979–982. DOI: https:// 
doi.org/10.1182/blood.2019000786, PMID: 31262780

Huang RH, Wang Y, Roth R, Yu X, Purvis AR, Heuser JE, Egelman EH, Sadler JE. 2008. Assembly of Weibel 
Palade body- like tubules from N- terminal domains of von Willebrand factor. PNAS 105:482–487. DOI: https:// 
doi.org/10.1073/pnas.0710079105, PMID: 18182488

https://doi.org/10.7554/eLife.71526
https://doi.org/10.1126/science.1066759
http://www.ncbi.nlm.nih.gov/pubmed/11729268
https://doi.org/10.1073/pnas.0902977106
http://www.ncbi.nlm.nih.gov/pubmed/19805028
https://doi.org/10.1182/blood-2012-05-429936
http://www.ncbi.nlm.nih.gov/pubmed/22898601
https://doi.org/10.1038/ncb1260
https://doi.org/10.1038/ncb1260
http://www.ncbi.nlm.nih.gov/pubmed/15880102
https://doi.org/10.1083/jcb.200703166
https://doi.org/10.1083/jcb.200703166
http://www.ncbi.nlm.nih.gov/pubmed/18086912
https://doi.org/10.1074/jbc.M605532200
http://www.ncbi.nlm.nih.gov/pubmed/16912037
https://doi.org/10.1146/annurev-biochem-051710-094912
http://www.ncbi.nlm.nih.gov/pubmed/22463692
https://doi.org/10.1093/nar/gki093
http://www.ncbi.nlm.nih.gov/pubmed/15608170
https://doi.org/10.1126/science.273.5276.797
https://doi.org/10.1126/science.273.5276.797
http://www.ncbi.nlm.nih.gov/pubmed/8670420
https://doi.org/10.1016/j.bbamem.2020.183341
http://www.ncbi.nlm.nih.gov/pubmed/32422136
https://doi.org/10.1038/nrm2378
http://www.ncbi.nlm.nih.gov/pubmed/18354421
https://doi.org/10.1083/jcb.91.3.77s
http://www.ncbi.nlm.nih.gov/pubmed/7033246
https://doi.org/10.1111/j.1365-2141.1989.tb00226.x
http://www.ncbi.nlm.nih.gov/pubmed/2803984
https://doi.org/10.1038/nrm3266
http://www.ncbi.nlm.nih.gov/pubmed/22233676
https://doi.org/10.1172/JCI112129
http://www.ncbi.nlm.nih.gov/pubmed/2932468
https://doi.org/10.1038/emboj.2011.321
https://doi.org/10.1038/emboj.2011.321
http://www.ncbi.nlm.nih.gov/pubmed/21975375
https://doi.org/10.1182/blood-2007-12-130740
http://www.ncbi.nlm.nih.gov/pubmed/18344423
https://doi.org/10.1016/B978-0-12-420138-5.00023-9
http://www.ncbi.nlm.nih.gov/pubmed/24974041
https://doi.org/10.1083/jcb.201312072
https://doi.org/10.1083/jcb.201312072
http://www.ncbi.nlm.nih.gov/pubmed/24711504
https://doi.org/10.1152/ajpcell.00504.2008
http://www.ncbi.nlm.nih.gov/pubmed/19176759
https://doi.org/10.1111/j.1600-0854.2006.00415.x
http://www.ncbi.nlm.nih.gov/pubmed/16683915
https://doi.org/10.1038/ncb1289
http://www.ncbi.nlm.nih.gov/pubmed/16100512
https://doi.org/10.1146/annurev.cellbio.16.1.483
http://www.ncbi.nlm.nih.gov/pubmed/11031245
https://doi.org/10.1182/blood.2019000786
https://doi.org/10.1182/blood.2019000786
http://www.ncbi.nlm.nih.gov/pubmed/31262780
https://doi.org/10.1073/pnas.0710079105
https://doi.org/10.1073/pnas.0710079105
http://www.ncbi.nlm.nih.gov/pubmed/18182488


 Research article      Cell Biology

Yamazaki et al. eLife 2021;10:e71526. DOI: https://doi.org/10.7554/eLife.71526  22 of 24

Huss M, Ingenhorst G, König S, Gassel M, Dröse S, Zeeck A, Altendorf K, Wieczorek H. 2002. Concanamycin A, 
the specific inhibitor of V- ATPases, binds to the V(o) subunit c. The Journal of Biological Chemistry 277:40544–
40548. DOI: https://doi.org/10.1074/jbc.M207345200, PMID: 12186879

Karacan I, Diz Küçükkaya R, Karakuş FN, Solakoğlu S, Tolun A, Hançer VS, Turanlı ET. 2019. A Novel ATP6V0A2 
Mutation Causing Recessive Cutis Laxa with Unusual Manifestations of Bleeding Diathesis and Defective 
Wound Healing. Turkish Journal of Haematology 36:29–36. DOI: https://doi.org/10.4274/tjh.galenos.2018. 
2018.0325, PMID: 30474613

Ketteler R, Freeman J, Stevenson N, Ferraro F, Bata N, Cutler DF, Kriston- Vizi J. 2017. Image- based siRNA 
screen to identify kinases regulating Weibel- Palade body size control using electroporation. Scientific Data 
4:170022. DOI: https://doi.org/10.1038/sdata.2017.22, PMID: 28248923

Kienzle C, von Blume J. 2014. Secretory cargo sorting at the trans- Golgi network. Trends in Cell Biology 
24:584–593. DOI: https://doi.org/10.1016/j.tcb.2014.04.007, PMID: 24841758

Klumperman J. 2011. Architecture of the mammalian Golgi. Cold Spring Harbor Perspectives in Biology 
3:a005181. DOI: https://doi.org/10.1101/cshperspect.a005181, PMID: 21502307

Kümmel D, Reinisch KM. 2011. Structure of Golgi transport proteins. Cold Spring Harbor Perspectives in Biology 
3:12. DOI: https://doi.org/10.1101/cshperspect.a007609, PMID: 21813399

Larsen E, Celi A, Gilbert GE, Furie BC, Erban JK, Bonfanti R, Wagner DD, Furie B. 1989. PADGEM protein: a 
receptor that mediates the interaction of activated platelets with neutrophils and monocytes. Cell 59:305–312. 
DOI: https://doi.org/10.1016/0092-8674(89)90292-4, PMID: 2478294

Lehel C, Olah Z, Jakab G, Anderson WB. 1995. Protein kinase C epsilon is localized to the Golgi via its zinc- finger 
domain and modulates Golgi function. PNAS 92:1406–1410. DOI: https://doi.org/10.1073/pnas.92.5.1406, 
PMID: 7877991

Liljedahl M, Maeda Y, Colanzi A, Ayala I, Van Lint J, Malhotra V. 2001. Protein kinase D regulates the fission of 
cell surface destined transport carriers from the trans- Golgi network. Cell 104:409–420. DOI: https://doi.org/ 
10.1016/s0092-8674(01)00228-8, PMID: 11239398

Llopis J, McCaffery JM, Miyawaki A, Farquhar MG, Tsien RY. 1998. Measurement of cytosolic, mitochondrial, and 
Golgi pH in single living cells with green fluorescent proteins. PNAS 95:6803–6808. DOI: https://doi.org/10. 
1073/pnas.95.12.6803, PMID: 9618493

Lui- Roberts WWY, Collinson LM, Hewlett LJ, Michaux G, Cutler DF. 2005. An AP- 1/clathrin coat plays a novel 
and essential role in forming the Weibel- Palade bodies of endothelial cells. The Journal of Cell Biology 
170:627–636. DOI: https://doi.org/10.1083/jcb.200503054, PMID: 16087708

Ma L, Ouyang Q, Werthmann GC, Thompson HM, Morrow EM. 2017. Live- cell Microscopy and Fluorescence- 
based Measurement of Luminal pH in Intracellular Organelles. Frontiers in Cell and Developmental Biology 
5:71. DOI: https://doi.org/10.3389/fcell.2017.00071, PMID: 28871281

Maeda Y, Beznoussenko GV, Van Lint J, Mironov AA, Malhotra V. 2001. Recruitment of protein kinase D to the 
trans- Golgi network via the first cysteine- rich domain. The EMBO Journal 20:5982–5990. DOI: https://doi.org/ 
10.1093/emboj/20.21.5982, PMID: 11689438

Malhotra V, Campelo F. 2011. PKD regulates membrane fission to generate TGN to cell surface transport 
carriers. Cold Spring Harbor Perspectives in Biology 3:a005280. DOI: https://doi.org/10.1101/cshperspect. 
a005280, PMID: 21421913

Maxson ME, Grinstein S. 2014. - ATPase at a glance - more than a proton pump. Journal of Cell Science 
127:4987–4993. DOI: https://doi.org/10.1242/jcs.158550, PMID: 25453113

Mayadas TN, Wagner DD. 1989. In vitro multimerization of von Willebrand factor is triggered by low pH 
Importance of the propolypeptide and free sulfhydryls. The Journal of Biological Chemistry 264:13497–13503. 
DOI: https://doi.org/10.1016/S0021-9258(18)80024-2, PMID: 2788160

McCormack JJ, Lopes da Silva M, Ferraro F, Patella F, Cutler DF. 2017. Weibel- Palade bodies at a glance. Journal 
of Cell Science 130:3611–3617. DOI: https://doi.org/10.1242/jcs.208033, PMID: 29093059

Merz AJ. 2015. What are the roles of V- ATPases in membrane fusion? PNAS 112:8–9. DOI: https://doi.org/10. 
1073/pnas.1422280112, PMID: 25540413

Metcalf DJ, Nightingale TD, Zenner HL, Lui- Roberts WW, Cutler DF. 2008. Formation and function of Weibel- 
Palade bodies. Journal of Cell Science 121:19–27. DOI: https://doi.org/10.1242/jcs.03494, PMID: 18096688

Michaux G, Abbitt KB, Collinson LM, Haberichter SL, Norman KE, Cutler DF. 2006. The physiological function of 
von Willebrand’s factor depends on its tubular storage in endothelial Weibel- Palade bodies. Developmental 
Cell 10:223–232. DOI: https://doi.org/10.1016/j.devcel.2005.12.012, PMID: 16459301

Mourik M, Eikenboom J. 2017. Lifecycle of Weibel- Palade bodies. Hamostaseologie 37:13–24. DOI: https://doi. 
org/10.5482/HAMO-16-07-0021, PMID: 28004844

Nakanishi- Matsui M, Sekiya M, Nakamoto RK, Futai M. 2010. The mechanism of rotating proton pumping 
ATPases. Biochimica et Biophysica Acta 1797:1343–1352. DOI: https://doi.org/10.1016/j.bbabio.2010.02.014, 
PMID: 20170625

Nightingale TD, Pattni K, Hume AN, Seabra MC, Cutler DF. 2009. Rab27a and MyRIP regulate the amount and 
multimeric state of VWF released from endothelial cells. Blood 113:5010–5018. DOI: https://doi.org/10.1182/ 
blood-2008-09-181206, PMID: 19270261

Pagliuso A, Valente C, Giordano LL, Filograna A, Li G, Circolo D, Turacchio G, Marzullo VM, Mandrich L, 
Zhukovsky MA, Formiggini F, Polishchuk RS, Corda D, Luini A. 2016. Golgi membrane fission requires the 
CtBP1- S/BARS- induced activation of lysophosphatidic acid acyltransferase δ. Nature Communications 7:12148. 
DOI: https://doi.org/10.1038/ncomms12148, PMID: 27401954

https://doi.org/10.7554/eLife.71526
https://doi.org/10.1074/jbc.M207345200
http://www.ncbi.nlm.nih.gov/pubmed/12186879
https://doi.org/10.4274/tjh.galenos.2018.2018.0325
https://doi.org/10.4274/tjh.galenos.2018.2018.0325
http://www.ncbi.nlm.nih.gov/pubmed/30474613
https://doi.org/10.1038/sdata.2017.22
http://www.ncbi.nlm.nih.gov/pubmed/28248923
https://doi.org/10.1016/j.tcb.2014.04.007
http://www.ncbi.nlm.nih.gov/pubmed/24841758
https://doi.org/10.1101/cshperspect.a005181
http://www.ncbi.nlm.nih.gov/pubmed/21502307
https://doi.org/10.1101/cshperspect.a007609
http://www.ncbi.nlm.nih.gov/pubmed/21813399
https://doi.org/10.1016/0092-8674(89)90292-4
http://www.ncbi.nlm.nih.gov/pubmed/2478294
https://doi.org/10.1073/pnas.92.5.1406
http://www.ncbi.nlm.nih.gov/pubmed/7877991
https://doi.org/10.1016/s0092-8674(01)00228-8
https://doi.org/10.1016/s0092-8674(01)00228-8
http://www.ncbi.nlm.nih.gov/pubmed/11239398
https://doi.org/10.1073/pnas.95.12.6803
https://doi.org/10.1073/pnas.95.12.6803
http://www.ncbi.nlm.nih.gov/pubmed/9618493
https://doi.org/10.1083/jcb.200503054
http://www.ncbi.nlm.nih.gov/pubmed/16087708
https://doi.org/10.3389/fcell.2017.00071
http://www.ncbi.nlm.nih.gov/pubmed/28871281
https://doi.org/10.1093/emboj/20.21.5982
https://doi.org/10.1093/emboj/20.21.5982
http://www.ncbi.nlm.nih.gov/pubmed/11689438
https://doi.org/10.1101/cshperspect.a005280
https://doi.org/10.1101/cshperspect.a005280
http://www.ncbi.nlm.nih.gov/pubmed/21421913
https://doi.org/10.1242/jcs.158550
http://www.ncbi.nlm.nih.gov/pubmed/25453113
https://doi.org/10.1016/S0021-9258(18)80024-2
http://www.ncbi.nlm.nih.gov/pubmed/2788160
https://doi.org/10.1242/jcs.208033
http://www.ncbi.nlm.nih.gov/pubmed/29093059
https://doi.org/10.1073/pnas.1422280112
https://doi.org/10.1073/pnas.1422280112
http://www.ncbi.nlm.nih.gov/pubmed/25540413
https://doi.org/10.1242/jcs.03494
http://www.ncbi.nlm.nih.gov/pubmed/18096688
https://doi.org/10.1016/j.devcel.2005.12.012
http://www.ncbi.nlm.nih.gov/pubmed/16459301
https://doi.org/10.5482/HAMO-16-07-0021
https://doi.org/10.5482/HAMO-16-07-0021
http://www.ncbi.nlm.nih.gov/pubmed/28004844
https://doi.org/10.1016/j.bbabio.2010.02.014
http://www.ncbi.nlm.nih.gov/pubmed/20170625
https://doi.org/10.1182/blood-2008-09-181206
https://doi.org/10.1182/blood-2008-09-181206
http://www.ncbi.nlm.nih.gov/pubmed/19270261
https://doi.org/10.1038/ncomms12148
http://www.ncbi.nlm.nih.gov/pubmed/27401954


 Research article      Cell Biology

Yamazaki et al. eLife 2021;10:e71526. DOI: https://doi.org/10.7554/eLife.71526  23 of 24

Pakdel M, von Blume J. 2018. Exploring new routes for secretory protein export from the trans- Golgi network. 
Molecular Biology of the Cell 29:235–240. DOI: https://doi.org/10.1091/mbc.E17-02-0117, PMID: 29382805

Renard HF, Johannes L, Morsomme P. 2018. Increasing Diversity of Biological Membrane Fission Mechanisms. 
Trends in Cell Biology 28:274–286. DOI: https://doi.org/10.1016/j.tcb.2017.12.001, PMID: 29307448

Rojo Pulido I, Nightingale TD, Darchen F, Seabra MC, Cutler DF, Gerke V. 2011. Myosin Va acts in concert with 
Rab27a and MyRIP to regulate acute von- Willebrand factor release from endothelial cells. Traffic 12:1371–
1382. DOI: https://doi.org/10.1111/j.1600-0854.2011.01248.x, PMID: 21740491

Rondaij MG, Bierings R, Kragt A, Gijzen KA, Sellink E, van Mourik JA, Fernandez- Borja M, Voorberg J. 2006. 
Dynein- dynactin complex mediates protein kinase A- dependent clustering of Weibel- Palade bodies in 
endothelial cells. Arteriosclerosis, Thrombosis, and Vascular Biology 26:49–55. DOI: https://doi.org/10.1161/ 
01.ATV.0000191639.08082.04, PMID: 16239597

Sadler JE. 1998. Biochemistry and genetics of von Willebrand factor. Annual Review of Biochemistry 67:395–424. 
DOI: https://doi.org/10.1146/annurev.biochem.67.1.395, PMID: 9759493

Sadler JE. 2005. von Willebrand factor: two sides of a coin. Journal of Thrombosis and Haemostasis 3:1702–
1709. DOI: https://doi.org/10.1111/j.1538-7836.2005.01369.x, PMID: 16102036

Sharma R, Haberichter SL. 2019. New advances in the diagnosis of von Willebrand disease. Hematology. 
American Society of Hematology. Education Program 2019:596–600. DOI: https://doi.org/10.1182/ 
hematology.2019000064, PMID: 31808831

Shemesh T, Luini A, Malhotra V, Burger KNJ, Kozlov MM. 2003. Prefission constriction of Golgi tubular carriers 
driven by local lipid metabolism: a theoretical model. Biophysical Journal 85:3813–3827. DOI: https://doi.org/ 
10.1016/S0006-3495(03)74796-1, PMID: 14645071

Sheng H. 2020. EzColocalization 1.1.4. c8abc7b. GitHub. https://github.com/DrHanLim/EzColocalization/ 
releases/tag/1.1.4

Shin JJH, Liu P, Chan LJ, Ullah A, Pan J, Borchers CH, Burke JE, Stefan C, Smits GJ, Loewen CJR. 2020. pH 
Biosensing by PI4P Regulates Cargo Sorting at the TGN. Developmental Cell 52:461-476.. DOI: https://doi. 
org/10.1016/j.devcel.2019.12.010, PMID: 31928972

Springer TA. 2011. Biology and physics of von Willebrand factor concatamers. Journal of Thrombosis and 
Haemostasis 9:130–143. DOI: https://doi.org/10.1111/j.1538-7836.2011.04320.x, PMID: 21781248

Stahelin RV, Digman MA, Medkova M, Ananthanarayanan B, Melowic HR, Rafter JD, Cho W. 2005. 
Diacylglycerol- induced membrane targeting and activation of protein kinase Cepsilon: mechanistic differences 
between protein kinases Cdelta and Cepsilon. The Journal of Biological Chemistry 280:19784–19793. DOI: 
https://doi.org/10.1074/jbc.M411285200, PMID: 15769752

Südhof TC, Rothman JE. 2009. Membrane fusion: grappling with SNARE and SM proteins. Science 323:474–477. 
DOI: https://doi.org/10.1126/science.1161748, PMID: 19164740

Torisu T, Torisu K, Lee IH, Liu J, Malide D, Combs CA, Wu XS, Rovira II, Fergusson MM, Weigert R, Connelly PS, 
Daniels MP, Komatsu M, Cao L, Finkel T. 2013. Autophagy regulates endothelial cell processing, maturation 
and secretion of von Willebrand factor. Nature Medicine 19:1281–1287. DOI: https://doi.org/10.1038/nm.3288, 
PMID: 24056772

Tsai F- C, Seki A, Yang HW, Hayer A, Carrasco S, Malmersjö S, Meyer T. 2014. A polarized Ca2+, diacylglycerol 
and STIM1 signalling system regulates directed cell migration. Nature Cell Biology 16:133–144. DOI: https:// 
doi.org/10.1038/ncb2906, PMID: 24463606

Valente C, Turacchio G, Mariggiò S, Pagliuso A, Gaibisso R, Di Tullio G, Santoro M, Formiggini F, Spanò S, 
Piccini D, Polishchuk RS, Colanzi A, Luini A, Corda D. 2012. A 14- 3- 3γ dimer- based scaffold bridges CtBP1- S/
BARS to PI(4)KIIIβ to regulate post- Golgi carrier formation. Nature Cell Biology 14:343–354. DOI: https://doi. 
org/10.1038/ncb2445, PMID: 22366688

Valentijn KM, Valentijn JA, Jansen KA, Koster AJ. 2008. A new look at Weibel- Palade body structure in 
endothelial cells using electron tomography. Journal of Structural Biology 161:447–458. DOI: https://doi.org/ 
10.1016/j.jsb.2007.08.001, PMID: 17888679

Valentijn KM, Sadler JE, Valentijn JA, Voorberg J, Eikenboom J. 2011. Functional architecture of Weibel- Palade 
bodies. Blood 117:5033–5043. DOI: https://doi.org/10.1182/blood-2010-09-267492, PMID: 21266719

van Breevoort D, van Agtmaal EL, Dragt BS, Gebbinck JK, Dienava- Verdoold I, Kragt A, Bierings R, 
Horrevoets AJG, Valentijn KM, Eikenboom JC, Fernandez- Borja M, Meijer AB, Voorberg J. 2012. Proteomic 
Screen Identifies IGFBP7 as a Novel Component of Endothelial Cell- Specific Weibel- Palade Bodies. Journal of 
Proteome Research 11:2925–2936. DOI: https://doi.org/10.1021/pr300010r, PMID: 22468712

Van Lint J, Rykx A, Maeda Y, Vantus T, Sturany S, Malhotra V, Vandenheede JR, Seufferlein T. 2002. Protein 
kinase D: an intracellular traffic regulator on the move. Trends in Cell Biology 12:193–200. DOI: https://doi.org/ 
10.1016/s0962-8924(02)02262-6, PMID: 11978539

Vasanthakumar T, Rubinstein JL. 2020. Structure and Roles of V- type ATPases. Trends in Biochemical Sciences 
45:295–307. DOI: https://doi.org/10.1016/j.tibs.2019.12.007, PMID: 32001091

Wagner DD, Mayadas T, Marder VJ. 1986. Initial glycosylation and acidic pH in the Golgi apparatus are required 
for multimerization of von Willebrand factor. The Journal of Cell Biology 102:1320–1324. DOI: https://doi.org/ 
10.1083/jcb.102.4.1320, PMID: 3082891

Wagner DD. 1990. Cell biology of von Willebrand factor. Annual Review of Cell Biology 6:217–246. DOI: https:// 
doi.org/10.1146/annurev.cb.06.110190.001245, PMID: 2275814

Wang R, Wang J, Hassan A, Lee CH, Xie XS, Li X. 2021. Molecular basis of V- ATPase inhibition by bafilomycin A1. 
Nature Communications 12:1782. DOI: https://doi.org/10.1038/s41467-021-22111-5, PMID: 33741963

https://doi.org/10.7554/eLife.71526
https://doi.org/10.1091/mbc.E17-02-0117
http://www.ncbi.nlm.nih.gov/pubmed/29382805
https://doi.org/10.1016/j.tcb.2017.12.001
http://www.ncbi.nlm.nih.gov/pubmed/29307448
https://doi.org/10.1111/j.1600-0854.2011.01248.x
http://www.ncbi.nlm.nih.gov/pubmed/21740491
https://doi.org/10.1161/01.ATV.0000191639.08082.04
https://doi.org/10.1161/01.ATV.0000191639.08082.04
http://www.ncbi.nlm.nih.gov/pubmed/16239597
https://doi.org/10.1146/annurev.biochem.67.1.395
http://www.ncbi.nlm.nih.gov/pubmed/9759493
https://doi.org/10.1111/j.1538-7836.2005.01369.x
http://www.ncbi.nlm.nih.gov/pubmed/16102036
https://doi.org/10.1182/hematology.2019000064
https://doi.org/10.1182/hematology.2019000064
http://www.ncbi.nlm.nih.gov/pubmed/31808831
https://doi.org/10.1016/S0006-3495(03)74796-1
https://doi.org/10.1016/S0006-3495(03)74796-1
http://www.ncbi.nlm.nih.gov/pubmed/14645071
https://github.com/DrHanLim/EzColocalization/releases/tag/1.1.4
https://github.com/DrHanLim/EzColocalization/releases/tag/1.1.4
https://doi.org/10.1016/j.devcel.2019.12.010
https://doi.org/10.1016/j.devcel.2019.12.010
http://www.ncbi.nlm.nih.gov/pubmed/31928972
https://doi.org/10.1111/j.1538-7836.2011.04320.x
http://www.ncbi.nlm.nih.gov/pubmed/21781248
https://doi.org/10.1074/jbc.M411285200
http://www.ncbi.nlm.nih.gov/pubmed/15769752
https://doi.org/10.1126/science.1161748
http://www.ncbi.nlm.nih.gov/pubmed/19164740
https://doi.org/10.1038/nm.3288
http://www.ncbi.nlm.nih.gov/pubmed/24056772
https://doi.org/10.1038/ncb2906
https://doi.org/10.1038/ncb2906
http://www.ncbi.nlm.nih.gov/pubmed/24463606
https://doi.org/10.1038/ncb2445
https://doi.org/10.1038/ncb2445
http://www.ncbi.nlm.nih.gov/pubmed/22366688
https://doi.org/10.1016/j.jsb.2007.08.001
https://doi.org/10.1016/j.jsb.2007.08.001
http://www.ncbi.nlm.nih.gov/pubmed/17888679
https://doi.org/10.1182/blood-2010-09-267492
http://www.ncbi.nlm.nih.gov/pubmed/21266719
https://doi.org/10.1021/pr300010r
http://www.ncbi.nlm.nih.gov/pubmed/22468712
https://doi.org/10.1016/s0962-8924(02)02262-6
https://doi.org/10.1016/s0962-8924(02)02262-6
http://www.ncbi.nlm.nih.gov/pubmed/11978539
https://doi.org/10.1016/j.tibs.2019.12.007
http://www.ncbi.nlm.nih.gov/pubmed/32001091
https://doi.org/10.1083/jcb.102.4.1320
https://doi.org/10.1083/jcb.102.4.1320
http://www.ncbi.nlm.nih.gov/pubmed/3082891
https://doi.org/10.1146/annurev.cb.06.110190.001245
https://doi.org/10.1146/annurev.cb.06.110190.001245
http://www.ncbi.nlm.nih.gov/pubmed/2275814
https://doi.org/10.1038/s41467-021-22111-5
http://www.ncbi.nlm.nih.gov/pubmed/33741963


 Research article      Cell Biology

Yamazaki et al. eLife 2021;10:e71526. DOI: https://doi.org/10.7554/eLife.71526  24 of 24

Weibel ER. 2012. Fifty years of Weibel- Palade bodies: the discovery and early history of an enigmatic organelle 
of endothelial cells. Journal of Thrombosis and Haemostasis 10:979–984. DOI: https://doi.org/10.1111/j. 
1538-7836.2012.04718.x, PMID: 22646831

Weigert R, Silletta MG, Spanò S, Turacchio G, Cericola C, Colanzi A, Senatore S, Mancini R, Polishchuk EV, 
Salmona M, Facchiano F, Burger KN, Mironov A, Luini A, Corda D. 1999. CtBP/BARS induces fission of Golgi 
membranes by acylating lysophosphatidic acid. Nature 402:429–433. DOI: https://doi.org/10.1038/46587, 
PMID: 10586885

Young BP, Shin JJH, Orij R, Chao JT, Li SC, Guan XL, Khong A, Jan E, Wenk MR, Prinz WA, Smits GJ, 
Loewen CJR. 2010. Phosphatidic acid is a pH biosensor that links membrane biogenesis to metabolism. 
Science 329:1085–1088. DOI: https://doi.org/10.1126/science.1191026, PMID: 20798321

Zenner HL, Collinson LM, Michaux G, Cutler DF. 2007. High- pressure freezing provides insights into Weibel- 
Palade body biogenesis. Journal of Cell Science 120:2117–2125. DOI: https://doi.org/10.1242/jcs.007781, 
PMID: 17535847

Zheng XL. 2015. ADAMTS13 and von Willebrand factor in thrombotic thrombocytopenic purpura. Annual 
Review of Medicine 66:211–225. DOI: https://doi.org/10.1146/annurev-med-061813-013241, PMID: 25587650

Zhou YF, Eng ET, Nishida N, Lu C, Walz T, Springer TA. 2011. A pH- regulated dimeric bouquet in the structure of 
von Willebrand factor. The EMBO Journal 30:4098–4111. DOI: https://doi.org/10.1038/emboj.2011.297, PMID: 
21857647

https://doi.org/10.7554/eLife.71526
https://doi.org/10.1111/j.1538-7836.2012.04718.x
https://doi.org/10.1111/j.1538-7836.2012.04718.x
http://www.ncbi.nlm.nih.gov/pubmed/22646831
https://doi.org/10.1038/46587
http://www.ncbi.nlm.nih.gov/pubmed/10586885
https://doi.org/10.1126/science.1191026
http://www.ncbi.nlm.nih.gov/pubmed/20798321
https://doi.org/10.1242/jcs.007781
http://www.ncbi.nlm.nih.gov/pubmed/17535847
https://doi.org/10.1146/annurev-med-061813-013241
http://www.ncbi.nlm.nih.gov/pubmed/25587650
https://doi.org/10.1038/emboj.2011.297
http://www.ncbi.nlm.nih.gov/pubmed/21857647

	V-­ATPase V0a1 promotes Weibel–Palade body biogenesis through the regulation of membrane fission
	Editor's evaluation
	Introduction
	Results
	Human umbilical vein endothelial cell culture
	Cellular V-ATPase activity promotes VWF multimer dispersion
	The V0a isoforms are found on the distinct populations of WPBs
	V0a1 and V0a2 are dispensable for VWF multimerization
	The V0a isoforms are required for the biogenesis of WPBs
	Protein kinase D, a membrane fission regulator is required for the biogenesis of WPBs
	Diacylglycerol and phosphatidylinositol-4-phosphate are present on nascent WPBs

	Discussion
	Materials and methods
	Reagents
	cDNA and plasmids
	Cell culture
	Lentivirus particle preparation
	Immunofluorescence and image analysis
	VWF multimer analysis

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Decision letter and Author response

	Additional files
	Supplementary files

	References


